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Abstract

Noninvasive current stimulation is increasingly used to support the brain function and recovery from
trauma or disease. The dissertation focused on the stimulation paradigm aimed to concentrate the
effect within initial stages of the visual system. Periorbital pulsed current stimulation (pPCS) in the
form of single biphasic pulses of sinusoidal waveform applied with electrodes below and above the
eyes were tested with simulation approach and during in vivo experiments with healthy volunteers.
The specific aims of the dissertation were to evaluate the concentration of induced electric field (IEF)
in the brain, to characterize the behavioral and electrophysiological (EEG) responses to visual and
electric stimulation, and to analyze the potential of pPCS in modulating information processing in the
visual system in a paired pulse stimulation (PPS) paradigm, in which a current pulse is applied prior to

a visual stimulus, allowing its effects on excitability and neural processing to be assessed.

Computer simulations have shown that pPCS with electrodes located above and below the eyes
concentrates the IEF mainly within the eyeballs, minimizing the impact on the optic nerves and other
areas of the brain. In comparison, a configuration with electrodes over the eyes and one electrode
placed on the occipital area generates a more diffuse IEF, covering also the optic nerve and the
occipital cortex. IEF analyses indicated that the electric field concentration at the electrode’s edges
depended on current density and curvature of the electrode edge. The simulations also showed that the
default tissue conductivity values used in SimNIBS — popular software used to model IEF, are

inaccurate. The Swiss ITIS Foundation database was proposed as more accurate.

In the in vivo experimental study a periorbital electrodes’ arrangement was tested. The current pulses
were shown to effectively induce phosphenes of retinal origin, with a detection threshold (of about
5%) at about 10 ms at an amplitude of 300 pA and cortical electrically evoked potentials (EEP). The
increase of the pulse amplitude and duration resulted in nonlinear increase of phosphene detection and
EEP amplitude, which were described using a customized three-factor Naka-Rushton model, taking
into account the total pulse charge, amplitude and duration. The model revealed that the effect of total
charge on the response decreases with increasing pulse intensity and length, leading to a saturation
effect. The importance of parameters such as total charge, amplitude and pulse duration in the

induction of phosphenes and the characteristics of the responses given was also highlighted.

The second experimental study used the pPCS protocol, in which pulses of different lengths and
amplitudes were applied before a checkerboard pattern reversal (CPR) visual stimulus. It was found
that in the experimental group, current stimulation reduced the amplitude of early visual evoked
potential (VEP) components, such as PIN1 and PIN2, compared to the placebo group, indicating its

potential inhibitory effect on visual cortex excitability. This effect was cumulative over time, such that



no differences in the strength of the effect were observed depending on the parameters of the stimulus,
and its effect also extended to trials in which CPR was not preceded by the application of a current
pulse. In addition, the effect of the stimulation increased with time, and clearly disappeared after its

termination.

In conclusion, the simulation and experimental studies conducted indicate that it is possible to
precisely induce an electric field in the eyeballs using single biphasic sinusoidal current pulses applied
in a periorbital configuration. This makes it possible to study phosphenes at both the behavioral and
electrophysiological levels, and to apply this method to modulate information processing in the visual
system of healthy humans. These results open up prospects for the potential use of pPCS in the
neurorchabilitation of known deficits of the visual system, and provide a basis for further research into

elucidating the mechanisms of action of currently used stimulation methods in clinical practice.

Keywords: neuromodulation, visual information processing, periorbital pulsed current stimulation,

phosphene perception, eeg, visual evoked potential



Streszczenie

Nieinwazyjna stymulacja pradowa jest coraz czesciej wykorzystywana do wspierania funkcji mozgu i
powrotu do zdrowia po urazie lub chorobie. W rozprawie skoncentrowano si¢ na paradygmacie
stymulacji majagcym na celu skoncentrowanie efektu w obrgbie poczatkowych etapéow uktadu
wzrokowego. Okolooczodotowa pulsacyjna stymulacja pradowa (ang. periorbital pulsed current
stimulation, pPCS) w postaci pojedynczych dwufazowych impulséw o przebiegu sinusoidalnym
aplikowanych za pomoca elektrod ponizej i powyzej oczu byla testowana w podej$ciu symulacyjnym
oraz podczas eksperymentéw in vivo z udziatem zdrowych ochotnikéw. Konkretnymi celami
rozprawy byly ocena stezenia indukowanego pola elektrycznego (ang. induced electric field, IEF) w
moézgu, scharakteryzowanie behawioralnych 1 elektrofizjologicznych (EEG) odpowiedzi na
stymulacje wzrokowa i elektryczng oraz analiza potencjalu pPCS w modulowaniu przetwarzania
informacji w ukladzie wzrokowym w paradygmacie sparowanej stymulacji impulsowej (ang. paired
pulse stimulation, PPS), w ktéorym impuls pradowy jest stosowany przed bodzcem wzrokowym,

umozliwiajgc ocene jego wplywu na pobudliwos¢ i przetwarzanie neuronalne.

Symulacje komputerowe wykazaty, ze pPCS z elektrodami umieszczonymi powyzej i ponizej oczu
koncentruje IEF gtownie w gatkach ocznych, minimalizujac wplyw na nerwy wzrokowe i inne
obszary moézgu. Dla poréwnania, konfiguracja z elektrodami nad oczami i jedng elektroda
umieszczong w okolicy potylicznej generuje bardziej rozproszone IEF, obejmujace rowniez nerw
wzrokowy 1 kore potyliczng. Analizy IEF wykazaty, Zze koncentracja pola elektrycznego na
krawedziach elektrody zalezy od gestosci pradu i krzywizny krawedzi elektrody. Symulacje wykazaty
réwniez, ze domy$lne wartoSci przewodnosci tkanek stosowane w SimNIBS - popularnym
oprogramowaniu uzywanym do modelowania IEF, sg niedoktadne. Szwajcarska baza danych fundacji

ITIS zostata zaproponowana jako bardziej doktadna.

W badaniu eksperymentalnym in vivo przetestowano uktad elektrod okotooczodotowych. Wykazano,
ze impulsy pradowe skutecznie indukujg fosfeny pochodzenia siatkéwkowego, z progiem detekcji
(okoto 5%) przy okoto 10 ms przy amplitudzie 300 pA i korowe potencjaty wywotane elektrycznie
(ang. electrically evoked potentials, EEP). Wzrost amplitudy i czasu trwania impulsu spowodowat
nieliniowy wzrost detekcji fosfenu i amplitudy EEP, ktore zostaly opisane za pomoca
niestandardowego trojczynnikowego modelu Naka-Rushtona, uwzgledniajacego catkowity tadunek
impulsu, amplitude i czas trwania. Model ujawnit, ze wptyw catkowitego tadunku na odpowiedz
maleje wraz ze wzrostem intensywnosci i dlugos$ci impulsu, prowadzac do efektu nasycenia.
Podkreslono réwniez znaczenie parametrow takich jak catkowity tadunek, amplituda i czas trwania

impulsu w indukcji fosfenow i charakterystyce odpowiedzi.



W drugim badaniu eksperymentalnym wykorzystano protokét pPCS, w ktorym impulsy o réznych
dlugosciach 1 amplitudach zastosowano przed bodZzcem wzrokowym w postaci odwrdcenia wzorca
szachownicy (ang. checkerboard pattern reversal, CPR). Stwierdzono, ze w grupie eksperymentalnej
stymulacja pradem zmniejszyta amplitude wczesnych komponentow wzrokowego potencjatu
wywolanego (ang. visual evoked potential, VEP), takich jak PIN1 i PIN2, w poréwnaniu z grupa
placebo, co wskazuje na jej potencjalny hamujacy wptyw na pobudliwo$¢ kory wzrokowej. Efekt ten
byt kumulatywny w czasie, tak Ze nie zaobserwowano roznic w sile efektu w zaleznosci od
parametrow bodzca, a jego dzialanie rozciggalo si¢ réwniez na proby, w ktorych CPR nie bylo
poprzedzone zastosowaniem impulsu pragdowego. Ponadto, efekt stymulacji zwickszat si¢ wraz z

uptywem czasu i wyraznie zanikat po jej zakonczeniu.

Podsumowujac, przeprowadzone badania symulacyjne i eksperymentalne wskazujg, ze mozliwe jest
precyzyjne indukowanie pola elektrycznego w galkach ocznych za pomoca pojedynczych
dwufazowych sinusoidalnych impulséw pradowych stosowanych w konfiguracji okotooczodotowe;.
Umozliwia to badanie fosfenéw zaréwno na poziomie behawioralnym, jak i elektrofizjologicznym, a
takze zastosowanie tej metody do modulowania przetwarzania informacji w uktadzie wzrokowym
zdrowych ludzi. Wyniki te otwieraja perspektywy potencjalnego wykorzystania pPCS w
neurorehabilitacji znanych deficytow uktadu wzrokowego i stanowig podstawe do dalszych badan nad

wyjasnieniem mechanizméw dzialania obecnie stosowanych metod stymulacji w praktyce kliniczne;.

Stowa kluczowe: neuromodulacja, przetwarzanie informacji wzrokowej, stymulacja impulsowym

pradem okotooczodotowym, percepcja fosfenu, wzrokowy potencjat wywotany, elektroencefalografia



List of Abbreviations

AC
ACS
AMD
BDNF
CDM
CPR
CSF
DBS
DC
EEG
EEP
EFM
EP
ERG
FEF
FEM
FFT
FIR
FOV
GABA
GM
ICA
IEF
IR
IPI
IPL
ipRGC
ISI
ITC

K cells
K pathway
KDE

alternating current

alternating current stimulation
age-related macular degeneration
brain-derived neurotrophic factor
current density magnitude
checkerboard pattern reversal
cerebrospinal fluid

deep brain stimulation

direct current
electroencephalography
electrical evoked potential
electric field magnitude

evoked potential
electroretinogram

frontal eye fields

finite element method

fast fourier transform

finite impulse response

field of view
gamma-aminobutyric acid (neurotransmitter)
gray matter

independent component analysis
induced electric field

infinite impulse response
inter-pulse interval

inferior parietal lobule
intrinsically photosensitive retinal ganglion cell
inter-stimulus interval

inferior temporal cortex

small bistratified retinal ganglion cells (koniocellular pathway)
koniocellular pathway

kernel density estimation



KHFAC
LED
LFP
LGN
LTD
LTP

M cells
M pathway
MEG
MR-EPT
MRI
NMDA
OPN

P cells
P pathway
PAS
PCA
pCS
PCS
PFC
PPC
PPS
PSD
PSP
RGC
RMS
ROI

RP
rtACS
SC

SCN

SD
SEM
SPL

SR

kilohertz frequency alternating current
light-emitting diode

local field potential

lateral geniculate nucleus

long-term depression

long-term potentiation

parasol retinal ganglion cells (magnocellular pathway)

magnocellular pathway

magnetoencephalography

magnetic resonance electrical tomography

magnetic resonance imaging
N-methyl-D-aspartate (receptor)

olivary pretectal nucleus

midget retinal ganglion cells (parvocellular pathway)

parvocellular pathway

paired associative stimulation
principal component analysis
periorbital current stimulation
pulse current stimulation
prefrontal cortex

posterior parietal cortex
paired pulse stimulation
power spectral density
postsynaptic potential

retinal ganglion cell

root mean square

region of interest

retinitis pigmentosa

repetitive transorbital alternating current stimulation

superior colliculus
suprachiasmatic nucleus
standard deviation
standard error of the mean
superior parietal lobule

stochastic resonance

~ 10~



SSP
tACS
tDCS
tES
TES
TI
T™MS
TON
tRNS
uv
V1
V2
V3
V4

V5/MT

VEP
VRT
WM

signal-space projection

transcranial alternating current stimulation
transcranial direct current stimulation
transcranial electrical stimulation
transcorneal electrical stimulation
temporal interference stimulation
transcranial magnetic stimulation
traumatic optic neuropathy
transcranial random noise stimulation
ultraviolet

primary visual cortex

secondary visual cortex

tertiary visual cortex

area located in the ventral part of the occipital lobe and extending into the the
temporal lobe; part of the ventral visual stream

middle temporal area; located in the dorsal part of the extrastriate cortex in the
temporal lobe; part of the dorsal visual stream

visual evoked potential
vision restoration therapy

white matter

~11~



~ 12~



Introduction

The human nervous system is among the most complex and mysterious structures in the known
universe. It comprises probably a few hundred billion specialized cells, each forming thousands of
connections with similar cells, enabling vast networks for processing and transmitting information. It
remains enigmatic because we still do not fully understand the connection between this intricate
information processing and the subjective experiences we each have, though several hypotheses have
been proposed (Hameroff, 2007; Havlik, 2017; Ward and Guevara, 2022). Despite its complexity and
the mysteries that surround it, the nervous system is fundamentally a biological system, with its
functions largely defined by the structure and cellular, biochemical and biophysical mechanisms. Any
anomaly to this complex system can lead to compromised functional capabilities, often as a result of

injury, disorder, or disease.

While impairments to any part of the nervous system should be avoided, the sense of sight is
considered particularly crucial for humans, who largely rely on it to effectively navigate the
environment. Vision is the most-studied and best-understood sense to date, both in terms of the
anatomy and physiology of the visual system and the deficits that can affect it. This is due in part to
its highly hierarchical and structured organization, which also influences how information is
processed (Joukal, 2017). This structured design aids in understanding the mechanisms underlying
specific visual deficits and how their localization within the visual system results in distinct functional

impairments.

The fields of visual system deficits and neuro-ophthalmology are vast and encompass a wide range of
issues (Miller et al., 2005), as do the methods for prevention, treatment, and rehabilitation (Kreutzer et
al., 2017). This is primarily because there is no clear boundary between ophthalmology and
neurology; the visual system spans both fields, leading to a broad spectrum of potential anatomical
and physiological deficits that can impact its function at various stages. The complexity and variety of
these deficits make understanding and addressing them a significant challenge. However, given that
the biochemical activity of the nerve cells forming the core of the visual system is intricately linked to
electromagnetic phenomena, there has long been interest in exploring whether electrical stimulation
methods could be utilized in the rehabilitation of visual impairments. Neuronal activity relies on
communication through neurotransmitters, the release of which depends on the flow of ionic currents
within the neuron. These neurotransmitters, once released, alter the ionic currents in the target cells.
Ionic currents, much like electric currents, are inherently tied to the presence of an electric field.
Therefore, by influencing the electric field, one can also affect its sources. This understanding
underpins the use of electrical stimulation to alter the electric fields within targeted tissues, thereby

stimulating those tissues. Through the stimulation, it becomes possible to modify the physiology and
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function of the nervous system, which holds potential for both rehabilitation and also the enhancement

of cognitive and sensory functions in healthy individuals.

Electrical stimulation is a well-understood method utilized not only in academic research but also
actively in the rehabilitation of certain nervous system disorders (Antal et al., 2022). It is considered a
relatively safe, cost-effective, and easy-to-use technique for both neurorehabilitation and
neuroenhancement. However, two fundamental challenges arise when using electrical stimulation: the
problem of specificity and the problem of understanding the relationship between stimulation

parameters and outcomes.

The specificity challenge refers to the difficulty in confining the area affected by the electric field
induced by electrical stimulation to a very small, precise region within the brain. With current
knowledge, solutions, and technology, achieving such precise targeting with non-invasive techniques
is challenging. Interestingly, temporal interference stimulation (TI), proposed by Grossman et al. in
2017, is an innovative non-invasive technique that enables the stimulation of deep brain structures
without the need for implanted electrodes. While TI offers better targeting than traditional surface
stimulation methods, its spatial precision remains lower compared to the direct implantation of
electrodes in specific brain regions. Nevertheless, the technique holds great promise for refining the
focality of the induced electric fields, making it a compelling approach for future research and
applications. Although deep brain stimulation (DBS) offers high specificity, it is an invasive
technique. Even with DBS, which offers a more localized approach by implanting electrodes directly
into a specific brain region, the radius of the electric field generated still depends on its intensity, thus

limiting the precision.

The issue of understanding the relationship between stimulation parameters and outcomes stems
directly from this lack of spatial but also cellular specificity. If we are unable to isolate a sufficiently
small and specific area of the brain during stimulation, it becomes challenging to determine precisely
how different stimulation parameters relate to the expected or observed effects, both in the short and
long term. This limitation complicates the development of reliable stimulation paradigms that can
predictably and reproducibly achieve specific goals in modifying the function of the nervous system
in both healthy and diseased states. As it stands, our ability to control and predict these effects is

restricted to relatively large scales, making fine-tuned, targeted interventions challenging.

Despite these challenges, there are viable pathways forward. One approach is to limit the influence of
the electric field to the smallest, most well-understood neuronal structures, ensuring more precise
targeting. Another strategy involves carefully selecting stimulation parameters that have already
known, specific effects on certain neuronal populations, structures, physiological processes, and
functions. By focusing on these approaches, we can begin to develop more precise and effective

neuromodulation techniques, even within the constraints of current technology and knowledge.
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In the context of the visual system, we can address the problem of specificity by focusing the electric
field on the eyeballs, which serve as the starting point of the visual pathway. The eyeballs effectively
act as focal points for the electric field vector created by current applied through electrodes positioned
on the facial surface near the eyes (Laakso and Hirata, 2013; Schutter, 2016). In simpler terms, the
current from these electrodes flows directly through the eyeballs and into the visual system. This
approach not only resolves the issue of specificity but also addresses the challenge of understanding
the relationship between stimulation parameters and their effects. By confining the induced electric
field to the eyeball, its impact is primarily limited to the structures within the eyeball itself - most

notably the retina and the nerve cells that constitute it.

As the introduction to this dissertation I will briefly remind the structure and function of the visual
system, and describe the electrical stimulation techniques currently used (or tested) in humans for a

therapy of visual dysfunctions.

Visual System Anatomy and Function

Visual system consists of the eye - a visual sensory organ serving the function of a camera obscura,
and dedicated elements of the central nervous system, coding and processing the information. The two

stages overlap at the retina - neuronal tissue layer at the fundus on the eye.

Eye

The eye's structure can be divided into three principal layers: the outer (fibrous), middle (vascular),
and inner (nervous) layers (Snell and Lemp, 1998). Each layer contains essential components that

function collectively to capture, initially process, and transmit visual information to the brain.

The outermost layer of the eye is composed of the cornea and the sclera. The sclera, an opaque, white
part of the eye provides structural support and protection for the inner components of the eye and an
attachment point for the extraocular muscles, which control eye movements (Nishida et al., 2017).
The cornea is the transparent, dome-shaped surface that covers the front of the eye. The transparency
and curvature of the cornea are essential for maintaining clear vision. The carrier of visual information
are photons, or corpuscular-wave components of electromagnetic waves. When the photons reach the
surface of the eye, thanks to the refraction process within a cornea and a lens they change direction
and can be focused onto the retina. This process of focusing light is similar to how a camera captures
a sharp image (Hejtmancik et al., 2017). Most refraction occurs at the cornea's anterior surface, where
light transitions from air to the denser corneal tissue. The lens provide additional refraction (Navarro,
2009) to fine-tune focus; and since its shape (curvature) can be changed it ensures the eye's ability to

maintain clear vision at various distances, a process known as accommodation (Ovenseri-Ogbomo
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and Oduntan, 2015; Zhang et al., 2023a). The lens is suspended by zonule fibers, which are also
known as suspensory ligaments, and which connect it to the ciliary body. These fibers serve to
maintain the position of the lens and facilitate alterations in its shape during the accommodation
process. Not all light from the outside world reaches the retina. The process is subject to regulation by
the iris, working like an aperture, while another factor is the structure of the cornea and lens which are
not transparent across the entire electromagnetic spectrum. They absorb electromagnetic waves
primarily in the ultraviolet (UV) range, which can, with high or prolonged exposure, cause damage to
the cornea (photokeratitis, a type of sunburn of the corneal tissue (Delic et al., 2017) and accelerate
degenerative processes in the lens, leading to cataract formation over time (Taylor et al., 1988). In
contrast, the cornea and the lens are largely transparent to visible light (approximately 400-700 nm)

and infrared light, allowing these wavelengths to pass through to the deeper structures of the eye.
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Figure 1-1. Anatomy of the human eye. This diagram illustrates the key structures of the human eye, including
the sclera, choroid, retina, optic nerve, and retinal vessels. The cornea, iris, pupil, and lens are shown at the front
of the eye. The aqueous humor fills the anterior chamber, while the vitreous humor fills the larger posterior
segment. The diagram also highlights the zonule fibers that support the lens and the hyaloid canal within the
vitreous body. The fovea (macula), located in the retina, is the point of highest visual acuity. The optic disk, where
the optic nerve exits the eye, is also known as the blind spot. Adapted from “Anatomy of the Human Eye”

template, by BioRender.com (2024).
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The middle layer of the eye, also referred to as the uvea (derived from lat. uva meaning “grape”),
encompasses the iris, ciliary body, and choroid. The iris is the colored portion of the eye that
surrounds the pupil and contains muscles that adjust the size of the pupil in order to regulate the
amount of light entering the eye. This process, known as the pupillary reflex, serves to safeguard the
retina from excessive light and to enhance visual acuity under conditions of varying illumination
(Kawasaki, 1999). The ciliary body, situated posterior to the iris, comprises the ciliary muscle and
ciliary processes (Li et al., 2024). The ciliary muscle is responsible for adjusting the shape of the lens,
thereby facilitating accommodation and enabling the eye to focus on objects at varying distances. The
ciliary processes, meanwhile, produce aqueous humor, a fluid that nourishes the eye and maintains
intraocular pressure. The choroid is a vascular layer situated between the sclera and the retina
(Belden, 2002). It is responsible for supplying the outer layers of the retina with oxygen and nutrients,
as well as regulating the temperature of the eye (Lejoyeux et al., 2022). Additionally, its pigmented
cells reduce light scatter within the eye, thereby enhancing visual clarity (Hu et al., 2008).

The vitreous humor, a transparent, gelatinous substance occupying the space between the lens and the
retina, serves to maintain the shape of the eye and acts as a conduit through which light can reach the
retina. It accounts for about 80% of the volume of the eyeball (Azhdam et al., 2020). The vitreous
humor is traversed by the hyaloid canal, a narrow channel that extends from the optic disc to the
posterior surface of the lens. During fetal development, the hyaloid artery is present and supplies
blood to the developing lens. In adults, the vitreous is typically devoid of fluid and is considered a
rudimentary structure. The aqueous humor, a clear fluid produced by the ciliary body, circulates
through the anterior and posterior chambers of the eye, providing nutrients to the avascular structures

of the cornea and lens and maintaining intraocular pressure.
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Figure 1-2. Fundus of the Human Eye. The fundus of the eye is the interior surface that is opposite the lens and
includes the retina, the optic disk (also known as the optic head or blind spot), the macula (with the fovea — spot
rich in cone photoreceptors), and the blood vessels. This comprehensive Medical examination of the eye's
interior enables the evaluation of a range of ocular and systemic conditions. The fovea within the macula is
responsible for central vision, while the optic disk represents the point of exit of the optic nerve from the retina,
thus creating a natural blind spot. The retina is supplied with essential nutrients by a network of blood vessels

that traverse its surface. Created with BioRender.com (2024).

Retina

The fundus of the eye (Figure 1-2), primarily its central and posterior parts, is covered by the retina - a
light-sensitive tissue essential for converting visual input into neural signals (Masland, 2012a; Hoon et
al., 2014). The retina consists of multiple neuronal layers, including photoreceptors (rods and cones),
bipolar cells, horizontal cells, amacrine cells, and ganglion cells (Figure 1-3) (Hejtmancik et al.,
2017). The vertebrate retina is "inverted," meaning photoreceptors are not directly exposed to light but
are covered by other tissue layers. The innermost layer, the nerve fiber layer, contains the axons of
retinal ganglion cells (RGCs), which converge at the optic disk to form the optic nerve. Below this is
the ganglion cell layer with RGC cell bodies, followed by the inner plexiform layer, where RGC
dendrites form synapses with bipolar and amacrine cells. The inner nuclear layer houses the cell
bodies of bipolar, horizontal, amacrine, and Miiller glial cells. Photoreceptors form synapses in the
outer plexiform layer, while their cell bodies reside in the outer nuclear layer. The outer segments of
photoreceptors, where phototransduction occurs (Palczewska et al., 2014), are embedded in the
pigment epithelium, which absorbs excess light and facilitates pigment recycling. The retina receives

nutrients and oxygen from the choroid, a vascular layer beneath Bruch's membrane.
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Figure 1-3. Structure of the human retina (A) and morphology of photoreceptors (B). The left panel depicts the
layered organization of the retina, emphasizing the various retinal cells that comprise it, including ganglion cells,
amacrine cells, bipolar cells, horizontal cells, Miiller glial cells, rods, and cones. Light passes through these
layers to reach the photoreceptors. Miiller glial cells, which span the entire thickness of the retina, provide
structural and metabolic support to retinal neurons, maintain the blood-retinal barrier, and facilitate the
regeneration of photoreceptors. The right panel illustrates the detailed morphology of rods and cones, the two
types of photoreceptors, emphasizing their structural differences and specialized functions in vision. Adapted

from “Structure of the Retina” and “Morphology of Photoreceptors” templates, by BioRender.com (2024).

Photoreceptors (Hussey et al., 2022) have outer and inner segments and synaptic terminals (Figure
1-3B). The inner segment contains organelles, while synaptic terminals connect with bipolar cells
(Euler et al., 2014). Rods, responsible for low-light vision, have outer segments with rhodopsin
contained in stacked discs that capture light. Cones, responsible for color vision, contain photopsins
(S-, M-, and L-opsins) that respond to different wavelengths of light (Figure 1-4), enabling
trichromatic color vision in bright conditions (Hussey et al., 2022). Cones are concentrated in the
macula, especially in the fovea, which provides sharp central vision, whereas the optic disk, lacking

photoreceptors, forms the blind spot (Figure 1-5).
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Figure 1-4. Photoreceptor sensitivity across the electromagnetic spectrum. (A) The electromagnetic spectrum,
highlighting the relationship between energy, frequency, and wavelength across different regions, from gamma
rays to AM radio waves. (B) A focused view of the visible light spectrum, showing the absorbance spectra of the
different photoreceptor types in the human eye. The S cone (“blue”), rod (“seeing in the dark”), M cone (“green’),
and L cone (“red”) photoreceptors are depicted, each with its specific absorbance peak within the visible light
range. (C) Visual representation of photoreceptor types based on their peak absorbance wavelengths: S cones
(~420 nm), Rods (~500 nm), M cones (~5635 nm), and L cones (~560 nm) (Bowmaker and Dartnall, 1980).
Created with BioRender.com (2024).

Neural signals from photoreceptors are transmitted through synaptic connections in the retina. In the
outer plexiform layer, photoreceptors connect with bipolar and horizontal cells; bipolar cells relay
signals to RGCs in the inner plexiform layer, while horizontal cells modulate signals to enhance
contrast (Kamermans and Spekreijse, 1999). Amacrine cells process signals within the inner retina,
influencing RGC outputs (Masland, 2012b). RGC axons form the optic nerve, transmitting visual
information to the brain. Miiller glial cells provide structural and functional support, maintaining the
retinal environment (Reichenbach et al., 1993). This intricate retinal architecture ensures efficient

capture and transmission of visual information for further processing in the brain.
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Figure 1-5. Distribution of photoreceptors in the human retina. (A) The graph shows the distribution of rods and
cones across the retina as a function of the angle from the fovea. Rods, responsible for scotopic (low-light) vision,
are densely populated in the peripheral regions but are absent in the fovea, resulting in the characteristic dip at
0° (the foveal region). Cones, essential for photopic (daylight and color) vision, are concentrated in the fovea
(centered around 0°) with a sharp peak, particularly in the macula region. The blind spot, located at around 15°
temporal to the fovea, corresponds to the area where the optic nerve exits the eye, containing no photoreceptors.
(B) A fundus image illustrating the general anatomy of the retina, with the macula and optic disc (blind spot)
clearly visible. Asterisk (*) indicates a blind spot. (C) A heat map indicating the density of rod cells, showing high
density in the peripheral retina. (D) A heat map showing the density of cone cells, with a peak at the fovea and a

gradual decrease toward the periphery. Created with BioRender.com (2024).

Pre-Processing of Information

“On” and “Off” Bipolar Cells

In darkness, photoreceptors release glutamate, affecting bipolar cells differently. Bipolar "on" cells,
with metabotropic receptors (mGluR6), hyperpolarize in darkness and depolarize in light, while "oft"
cells, with ionotropic receptors (AMPA/kainate), depolarize in darkness. Rods connect 15-30 to one
bipolar "on" cell, enhancing low-light sensitivity but reducing acuity. Cones typically connect in a 1:1
ratio with bipolar "on" and "off" cells, particularly in the central macula, supporting high visual acuity

in bright conditions.
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Horizontal Cells

Horizontal cells modulate interactions between photoreceptors and bipolar cells, enhancing contrast
through lateral inhibition (Boije et al., 2016; Yan et al., 2020). These cells receive input from multiple
photoreceptors and release gamma-aminobutyric acid (GABA) to inhibit neighbors, reducing
glutamate output. This creates center-surround receptive fields in bipolar cells, highlighting edges and

contrast by emphasizing light intensity differences.
Ganglion Cells

Ganglion cells receive bipolar cell input and transmit visual information via the optic nerve. Bipolar
"on" cells depolarize in light, exciting RGCs, while "off" cells depolarize in darkness. RGCs have
center-surround receptive fields, enhancing contrast detection. "On-center" RGCs respond to light
increases, while "off-center" RGCs respond to decreases. In the fovea, small receptive fields allow
high acuity, while larger fields in the periphery enhance sensitivity to motion and low light. The
retina’s 100 million rods, 5 million cones, and 1 million RGCs highlight significant convergence
(Nolte, 2012). RGC axons form the optic nerve, linking the retina to brain centers like the LGN, SC,

and visual cortex.
Amacrine Cells

Amacrine cells refine bipolar and RGC connections, shaping temporal aspects of visual signals (Kolb,
1997). Located in the inner plexiform layer, these cells use diverse neurotransmitters to modulate
RGC responses, either inhibiting with GABA or glycine or enhancing with excitatory signals. They
specialize in processing transient visual changes, such as motion or light intensity shifts, enabling the

retina to adapt to dynamic stimuli.

Output of Pre-Processed Information from the Eyeball via the Optic Nerve

The optic nerve, composed of RGC axons, transmits retinal signals to brain centers. At the optic
chiasm, some axons cross hemispheres, ensuring visual field input is processed contralaterally. Most
signals reach the LGN, which refines and relays them to V1. Additional projections include the SC
(eye movement coordination), pretectal area (pupillary reflex; Carpenter and Pierson, 1973), and
suprachiasmatic nucleus (circadian regulation; Hastings et al., 2018). This pathway is vital for visual

processing and related functions.
Common Dysfunctions of the Eye

The eye is susceptible to various dysfunctions affecting photoreceptors, retinal layers, and the optic

nerve. Disorders of photoreceptors include retinitis pigmentosa (RP), a genetic condition causing
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progressive degeneration of rods and cones, leading to night blindness and peripheral vision loss
(Hartong et al., 2006), and cone-rod dystrophies, which impair color vision and central acuity (Hamel,
2007). The retina is also affected by age-related macular degeneration (AMD), characterized by
degeneration of the macula, resulting in central vision loss (Friedman et al., 2004). Dysfunctional
signaling within the retina can occur in conditions such as diabetic retinopathy, where damage to
retinal blood vessels disrupts the inner retinal layers (Cheung et al., 2010). Glaucoma is a leading
cause of optic nerve damage, often due to increased intraocular pressure, resulting in progressive loss
of peripheral vision and eventual blindness (Weinreb et al., 2014). Additionally, optic neuritis, an
inflammatory condition of the optic nerve, can cause sudden vision loss and is often associated with

demyelinating diseases like multiple sclerosis (Petzold et al., 2010).

Information Pathways

Visual information flows along the optic nerve in multiple parallel pathways to subcortical and
cortical structures (Figure 1-6). This section focuses on the key pathways, their destinations, and how
the information they carry is processed and integrated. At the retinal level, different types of RGCs -
including intrinsically photosensitive RGCs (ipRGCs), small bistratified RGCs (K cells), midget
RGCs (P cells), and parasol RGCs (M cells) - transmit specific aspects of the visual scene, such as
color, motion, and spatial detail. These pathways project to subcortical structures like the LGN, SC,
suprachiasmatic nucleus (SCN), and olivary pretectal nucleus (OPN), which mediate functions such as

visual integration, reflexive eye movements, pupillary reflexes, and circadian rhythm regulation.

At the cortical level, visual information is processed hierarchically in areas such as V1, V2, V3, V4,
V5/MT, and higher regions like the inferior temporal cortex (ITC), superior parietal lobule (SPL), and
inferior parietal lobule (IPL). These areas handle complex visual tasks, including motion perception,
object recognition, and spatial awareness. The organization of parvocellular, magnocellular, and
koniocellular pathways - established by specialized RGC types - ensures efficient transmission of
visual information from the retina, which serves as the gateway to advanced processing at subcortical
and cortical levels. Additionally, ipRGCs uniquely support non-image-forming processes, such as
circadian rhythm regulation, highlighting the retina's pivotal role in initiating visual information

processing.
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Figure 1-6. (A) Overview of basic structures in the human visual system: The diagram highlights key anatomical
structures involved in the processing of visual information, including the optic nerve, optic chiasm,
suprachiasmatic nucleus (SCN), lateral geniculate nucleus (LGN), superior colliculus (SC), olivary pretectal
nucleus (OPN), and the primary visual cortex (V1), as well as associated extrastriate areas (V2, V3, V4, V5; e.g.
Winawer and Witthoft, 2015), the inferior temporal cortex (ITC), inferior parietal lobule (IPL), and superior parietal
lobule (SPL). (B) Layers and streams of information in the primary visual cortex (V1): This diagram illustrates the
laminar organization of V1, indicating the specific layers (L1-L6) where different streams of visual information (K,
M, P pathways) are processed. It shows the inputs from the LGN and SC to specific layers in V1 and the outputs
from these layers to extrastriate areas, and back to the LGN and SC. (C) Streams of visual information and
connections across retinal, subcortical, and cortical levels: This diagram represents the flow of visual information
from retinal ganglion cells (RGCs) - including intrinsically photosensitive RGCs (ipRGCs), small bistratified RGCs
(K, koniocellular pathway), midget RGCs (P, parvocellular pathway), and parasol RGCs (M, magnocellular
pathway) - through the optic chiasm to various subcortical structures (SCN, OPN, LGN, SC). The information is
subsequently relayed to cortical areas (V1, V2, V3, V4, V5/MT), and further extends to regions such as ITC, IPL,
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and SPL, illustrating the complex processing required for the analysis of visual features, spatial orientation, and
attention mechanisms. The diagram does not include feedback connections and minor bi-directional connections
to other locations. The diagram considers only the most important structures and connections in the human visual

system based on Felleman and Van Essen (1991). Created with BioRender.com (2024).

Parvocellular Pathway

The parvocellular pathway (P pathway) originates in midget RGCs concentrated in the fovea,
specializing in high spatial resolution and processing fine details, particularly in red-green color vision
(Lee et al., 2010; Masri et al., 2020). It is crucial for static or slowly moving objects, with a slow,
sustained response, connecting to the parvocellular layers (3-6) of the LGN and projecting to the
ventral stream, which handles object recognition and color processing (Javitt, 2015). Dysfunctions in
this pathway, as seen in glaucoma, can impair fine detail perception and color discrimination,

especially red-green differentiation (Masri et al., 2020; Yiicel et al., 2003).
Magnocellular Pathway

The magnocellular pathway (M pathway) originates in parasol RGCs and is specialized in motion
detection, luminance contrast, and high temporal resolution (Lee et al., 2010; Masri et al., 2020). It
has a fast, transient response, lower spatial resolution, and connects to the magnocellular layers (1-2)
of the LGN, projecting to the dorsal stream, which processes motion, spatial orientation, and depth
(Javitt, 2015). Dysfunction in this pathway, as seen in dyslexia or neurodegenerative diseases, affects
motion detection and contrast sensitivity, complicating tasks like object tracking and navigation

(Masri et al., 2020; Yiicel et al., 2003).
Koniocellular Pathway

The koniocellular pathway (K pathway) originates in small bistratified RGCs and processes
blue-yellow color contrasts, complementing the P pathway in color vision (Hendry and Reid, 2000). It
has lower spatial resolution and connects to interlaminar koniocellular layers of the LGN, contributing
to both dorsal and ventral streams (Yiicel et al., 2003). Dysfunction in this pathway impairs

blue-yellow color discrimination, reducing overall color perception richness (Li et al., 2022).
Intrinsically Photosensitive Retinal Ganglion Cells

Intrinsically photosensitive retinal ganglion cells (ipRGCs), expressing melanopsin, regulate
non-image-forming visual functions like circadian rhythms and the pupillary reflex (Mure et al.,
2019). They project to the SCN, OPN, and LGN, influencing brightness perception, light-induced
behaviors, and potentially prefrontal cortex functions related to emotional regulation (Lazzerini Ospri

et al., 2024).
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Subcortical Visual Structures

The subcortical part of the visual system includes key structures such as the LGN in the thalamus, the
SC in the midbrain, the suprachiasmatic nucleus (SCN) in the hypothalamus, and the olivary pretectal
nucleus (OPN) in the pretectal area, plays a crucial role in relaying, modulating, and integrating visual
information before it reaches the cortical areas. These subcortical structures are not merely passive
relays; rather, they actively shape visual perception through processes such as attention modulation,
multisensory integration, and the coordination of motor responses. Subsequently, visual information is
transmitted to the cortical level, where it undergoes further refinement and integration, culminating in

the rich and detailed visual experiences that we perceive.
Lateral Geniculate Nucleus

The LGN, located in the thalamus, serves as a critical relay for transmitting visual information from
the retina to V1 (Weyand, 2016). Its six layers are divided into magnocellular (motion and coarse
outlines, layers 1-2), parvocellular (color and fine details, layers 3-6), and koniocellular (color
contrast and multisensory integration, interlaminar regions). Beyond relaying information, the LGN
actively refines it through feedback from V1, allowing the cortex to modulate visual signals based on
attention and task demands. Additionally, the LGN connects to the SC and pulvinar, integrating visual
inputs with motor responses and higher-order processes, supporting coherent perception and adaptive

behavior.
Superior Colliculus

The SC, located in the midbrain, coordinates eye movements and visual attention by integrating
sensory inputs from the retina via the retinotectal pathway for rapid detection and localization of
stimuli (King, 2004; Liu et al., 2022). It receives additional input from the LGN and V1, facilitating
complex visual processing and attentional shifts. The SC also integrates auditory and somatosensory
information, supporting multimodal orienting responses. Its connections with the pulvinar, frontal eye
fields (FEF), and posterior parietal cortex (PPC) enhance sensory integration, attention control, and
saccadic planning. Subcortically, the SC works with the brainstem, basal ganglia, and cerebellum to

execute precise eye and head movements, enabling efficient adaptation to dynamic environments.
Suprachiasmatic Nucleus

The SCN, located in the hypothalamus, serves as the body’s central circadian clock, regulating daily
rhythms such as sleep-wake cycles, hormone release, body temperature, and feeding (Patton and
Hastings, 2018). It maintains 24-hour cycles through a network of tightly coupled neurons and
receives retinal input via ipRGCs through the retinohypothalamic tract. The SCN regulates melatonin

secretion via the pineal gland and modulates sleep, feeding, and temperature through connections with
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other hypothalamic nuclei. It also influences autonomic functions like blood pressure and metabolism,

aligning physiological processes with circadian rhythms.
Olivary Pretectal Nucleus

The OPN mediates the pupillary light reflex, regulating pupil size based on light intensity to protect
the retina and optimize visual acuity (Gamlin et al., 1995). It receives input from ipRGCs via the
retino-pretectal pathway and signals the Edinger-Westphal nuclei to control the sphincter pupillae
muscles. The OPN also integrates visual and autonomic functions, contributing to circadian and

systemic responses to light.
Dysfunctions of the Subcortical Structures

Dysfunctions in subcortical visual structures, such as the LGN and SC, can significantly impair visual
processing. Damage to the LGN, a critical relay in the visual pathway, often results in homonymous
visual field defects, where corresponding areas of the visual field in both eyes are affected (Horton
and Hoyt, 1991). Lesions in the SC, integral for initiating eye movements, can disrupt saccadic eye
movements, leading to difficulties in visual attention and orienting responses (Wurtz et al., 1982).
Additionally, traumatic brain injuries can induce visual deficits through complement-dependent
microglial phagocytosis of synapses within the dLGN, highlighting the role of immune responses in

visual system pathology (Borucki et al., 2024).

Visual Cortical Areas

The cortical visual system extends from V1, which receives input from subcortical structures like the
LGN, to higher areas such as V2, V3, V4, and V5/MT (Felleman and Van Essen, 1991). These regions
process increasingly complex visual attributes, including orientation, motion, color, and shape.
Hierarchical and parallel pathways integrate and refine visual input, enabling recognition, depth
perception, and motion tracking. These processes underpin higher-order functions such as object
recognition, spatial awareness, and visual attention, which are essential for interacting with the

environment.
Primary Visual Cortex

The primary visual cortex (V1), or striate cortex, is located in the occipital lobe, primarily within the
calcarine fissure (Grill-Spector and Malach, 2004; Tootell et al., 1998; Tong, 2003). It is crucial for
initial cortical visual processing and has a high neuronal density (~200,000 per mm?) compared to
~80,000 in other brain areas (Rockel et al., 1980). V1 is retinotopically organized and detects edges,

orientations, spatial frequencies, and depth cues. Feedback from higher areas like V2, V3, and V4
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(Felleman and Van Essen, 1991) refines processing based on attention and context. V1 also contains

specialized cells for initial color and motion detection, making it a foundation for visual interpretation.
Secondary Visual Cortex

The secondary visual cortex (V2), or prestriate cortex, lies adjacent to V1 (Tong, 2003) and connects
it to higher areas (V3, V4, V5/MT). V2 features specialized zones - thick stripes (motion/depth), thin
stripes (color), and interstripes (form/orientation) - revealed by cytochrome oxidase staining. These
zones integrate visual data for contour integration, depth perception, and figure-ground segregation.
Extensive connections with subcortical structures like the Pulvinar and higher cortical areas allow V2

to modulate visual information based on context, attention, and cognitive factors.
Tertiary Visual Cortex

The tertiary cortex (V3), located in the occipital lobe, acts as an intermediary between earlier areas
(V1, V2) and higher regions (V4, V5/MT) (Tong, 2003). It has dorsal (V3d) and ventral (V3v)
subdivisions. V3d processes motion and spatial information ("where?/how?" stream), while V3v
contributes to object recognition and form perception ("what?/who?" stream). V3 refines inputs from
V1 and V2 for coherent perception of motion and spatial relationships, supporting dynamic visual

interpretation.
V4 Area

The V4 area, part of the ventral stream, is critical for object recognition and color perception (Tong,
2003; Arcaro et al., 2009; Winawer and Witthoft, 2015). Its neurons are finely tuned to the color
spectrum, enabling color constancy despite lighting changes. V4 also specializes in form and shape
recognition, with neurons responsive to features like curvature and edges. Connections with V2 and
the ITC integrate and refine visual data, supporting advanced visual tasks, visual memory, and

attentional modulation to enhance relevant stimuli processing.
Middle Temporal Area

The Middle Temporal Area (MT/V5), located in the dorsal stream, specializes in motion processing
(Tong, 2003; Kolster et al., 2010). It processes the direction and speed of moving objects, aiding in
motion tracking and spatial navigation. MT/V5 refines inputs from V2 and V3 to support depth
perception through motion parallax and integrates motion with form for recognizing dynamic objects.
Connections with IPL and SPL regions facilitate motor planning and spatial orientation, enhancing

real-time interaction in dynamic environments.

~28 ~



Dysfunctions of the Cortical Structures

Dysfunctions in cortical structures involved in visual processing can result in significant visual and
perceptual impairments. Damage to the V1 can cause cortical blindness, where individuals lose
conscious visual perception despite intact eyes and optic nerves (Aldrich et al., 1987). Lesions in the
ventral stream, particularly the inferior temporal cortex, lead to visual agnosia, characterized by
difficulties in recognizing objects or faces. Conversely, damage to the dorsal stream, including areas
such as the posterior parietal cortex, results in deficits in spatial awareness and motion perception,

impairing tasks like reaching for objects or navigating space (Karnath et al., 2001).

Visual Information Processing

The human visual system relies on a complex interplay of intracellular and extracellular (field)
mechanisms to transmit, process, and integrate visual information (Buzsaki et al., 2012). These
mechanisms include hyperpolarization, depolarization of neuronal membranes, and the generation of
action potentials. Moreover, the electrical field fluctuations generated by ionic movements across
neuronal membranes play a crucial role in modulating neuronal communication, contributing to the

emergence of evoked potentials, neuronal oscillations, and multisensory integration.

Neural Activity

Hyperpolarization, Depolarization, and Action Potentials

When an action potential reaches the presynaptic terminal, it opens voltage-dependent calcium
channels, triggering the exocytosis of neurotransmitter-filled vesicles into the synaptic cleft. The
neurotransmitter binds to specific receptors on the postsynaptic membrane, causing ion channels to
open or close, resulting in an influx or efflux of ions such as sodium, potassium, calcium, or chloride.
This generates a postsynaptic potential (PSP), which can be excitatory (EPSP) if it depolarizes the
membrane or inhibitory (IPSP) if it hyperpolarizes it. If the cumulative depolarization from multiple
PSPs at the axon hillock surpasses a threshold, an action potential is initiated, propagating along the
axon to the synaptic terminals, where the cycle repeats (Hodgkin and Huxley, 1939). lonic currents
and their spatial-temporal changes underpin nervous system information processing, with action
potentials acting as key communication signals. While intercellular communication can also occur
without action potentials (e.g., between photoreceptors and bipolar cells) or via electrical synapses

(e.g., between rods and cones), these mechanisms are beyond the scope of this discussion.
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Ionic-Based Electric Field Fluctuations

The movement of ions across neuronal membranes generates extracellular electric field fluctuations
that play a crucial role in neural communication and coordination. These fluctuations, arising from
collective ionic currents during synaptic transmission and action potential propagation, contribute to
the local field potential (LFP) - a measure of the summed electrical activity of neuronal populations in
a region (Buzsaki et al., 2012; Einevoll et al., 2013; Herreras, 2016). The LFP is influenced by factors
such as synaptic inputs, intrinsic neuronal properties like membrane conductance and capacitance, and
the surrounding neural architecture through which the electric field propagates. These fluctuations
create a dynamic background that affects the excitability of individual neurons and their likelihood of
firing action potentials. A key feature of extracellular electric field fluctuations is their ability to
modulate the membrane potential of nearby neurons (Jefferys, 1995; Anastassiou et al., 2011). At a
local scale, this phenomenon, known as ephaptic coupling, occurs when changes in the membrane
potential of one neuron directly influence adjacent neurons. On a broader scale, field effects emerge
when the geometry of a neuronal population generates a strong electric field that modulates the
excitability of that population or neighboring regions (Jefferys, 1995). Such effects are particularly
pronounced in densely packed neural structures like the hippocampus (Chiang et al., 2019) and cortex
(Anastassiou et al., 2011), where they enhance neuronal synchronization. Additionally, field effects
can be modulated by externally applied currents (Anastassiou et al., 2011; Chiang et al., 2019),
forming the foundation for electrical neuromodulation of brain activity - the central focus of this

thesis.

Evoked Potentials

Evoked potentials (EPs) are extracellular voltage changes generated in response to specific stimuli,
such as visual inputs, or through artificial stimulation. Measured using electroencephalography (EEG)
or LFP techniques, EPs reflect the summation of synchronous PSPs across large populations of
neurons, offering insights into the timing, strength, and spatial distribution of neural responses (Luck,
2014). In visual processing, these responses originate from the activation of RGCs and propagate
through the visual pathway, involving the LGN, V1, and higher cortical areas. Cortical pyramidal cells
contribute significantly to EEG and EP signals due to their perpendicular alignment to the cortical

surface.

EP generation begins with excitatory synaptic activation, where positive ions flow into postsynaptic
neurons, creating localized negative extracellular voltages that form dipoles (Figure 1-7). The
alignment and summation of these dipoles across populations of cortical neurons generate
macroscopic electric fields detectable as EPs (Luck, 2014). The orientation of the equivalent current

dipole determines the recorded EEG or magnetoencephalographic (MEG) signal, with enhanced
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signal strength facilitated by synchronized neuronal activity, often supported by ephaptic coupling and
field effects (Senkowski and Engel, 2024). This synchronization is particularly important in visual
processing, as it reflects the progression of visual information through neural networks, from initial

sensory input to higher-order cortical integration.
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Figure 1-7. Principles of electroencephalogram (EEG) and evoked potentials (EPs) generation, as well as
magnetoencephalogram (MEG) and evoked fields (EFs). (A) Schematic of a pyramidal neuron during
neurotransmission. An excitatory neurotransmitter is released from presynaptic terminals at the apical dendrite,
leading to an influx of positive ions into the postsynaptic neuron. This influx creates a net negative extracellular
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voltage (denoted by “-” symbols) near the apical dendrite and establishes a small dipole, with current flowing from
the apical dendrite through the neuron to the cell body and basal dendrites, where a net positive voltage (denoted

by “+” symbols) is generated. The polarity of this dipole would reverse if an inhibitory neurotransmitter were
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involved or if the neurotransmission occurred at the cell body or basal dendrites rather than the apical dendrite.
(B) A cortical sheet containing many pyramidal cells illustrates how dipoles from individual neurons can summate
when a region is active resulting in a larger, coherent dipole. (C) The summated dipoles from these neurons can
be approximated by a single equivalent current dipole, represented as an arrow (vector), with the arrowhead
indicating the positive end. The orientation and position of this dipole determine the distribution of positive and
negative voltages recorded at the scalp, as captured by EEG. (D) A current dipole generates a surrounding
magnetic field, shown here spiraling around the dipole. (E) A dipole beneath the skull generates an
electromagnetic field that can be recorded by both EEG and MEG. EEG captures voltage differences between
pairs of electrodes on the scalp, which leads to reduced spatial specificity due to the skull’s conductive properties
and the aggregation of signals from two electrodes per channel. MEG uses single sensors to detect magnetic
fields, providing more localized and precise signals since magnetic fields pass through the skull with minimal
distortion. MEG is more sensitive to tangential dipoles, while EEG is more sensitive to radial dipoles, making the
two methods complementary in detecting neural activity. However, EEG is more portable and cost-effective.
Created with BioRender.com (2024) based on Figure 2.2 from Luck (2014).

Visual evoked potentials (VEPs), a subtype of EPs, are specifically tied to visual cortex activity. Early
VEP components like N1 (N75) and P1 (P100) emerge from the initial processing in V1 within the
first 100 ms of stimulus onset, influenced by stimulus attributes such as contrast and luminance
(Jeffreys and Axford, 1972; Di Russo et al., 2002). Later components, such as N2 (N135) and P2,
involve higher-order visual areas like V2 and V3, reflecting the integration of visual features and the
construction of perceptual representations (Schmolesky et al., 1998). VEPs provide a temporal map of

cortical processing, revealing how visual information is sequentially processed and integrated.

VEPs are extracted from EEG data by averaging responses across multiple presentations of a
stimulus, canceling out noise while preserving consistent brain responses (Figure 1-8). This approach
isolates key VEP components, such as N75, P100, and N135, which offer insights into the spatial and

temporal dynamics of visual perception.

In addition to sensory-evoked potentials, electrically evoked potentials (EEPs) are induced through
electrical stimulation, directly activating neural circuits. For instance, applying current to the retina
can elicit action potentials in ganglion cells, bypassing sensory input to probe the visual system's
excitability and connectivity (Foik et al., 2015; Sehic et al., 2016). EEPs, measurable through EEG or
MEG, provide valuable insights into the functional integrity of visual pathways, offering a
complementary perspective to sensory-evoked responses. These techniques are explored in detail

within this dissertation to examine the dynamics of natural and artificial visual processing.
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Figure 1-8. lllustration of the process of recording and analyzing visual evoked potentials (VEPs) using
electroencephalography (EEG). The figure shows an EEG cap with electrodes positioned on the scalp, recording
the electrical activity generated by the brain in response to a visual stimulus. The raw EEG signals from multiple
channels are averaged to obtain the VEP, which reflects the brain’s response to the stimulus. The VEP waveform
typically includes distinct components such as N75, P100, and N135, which correspond to different stages of
visual information processing in the visual cortex. The timing and amplitude of these components provide critical

insights into the integrity and function of the visual pathways. Content to the left of the VEP created with

BioRender.com (2024).

Neuronal Oscillations

Another level of complexity of information integration in the nervous system are neuronal
oscillations. Neuronal oscillations, rhythmic patterns of neuronal activity at various frequencies, are
fundamental to brain function, particularly in coordinating the processing and integration of sensory
information, including visual inputs (Basar et al., 2001; Tallon-Baundry, 2003). In the visual system,
these oscillations span several frequency bands, each contributing uniquely to different aspects of

visual processing and perception.

Gamma oscillations (30-100 Hz) are critical for the local processing of visual features such as edges,
orientation, and movement. These high-frequency oscillations facilitate the binding of different visual
attributes - like color, shape, and motion - into a coherent percept, ensuring that various elements of
the visual scene are integrated seamlessly. Gamma waves are also closely linked to visual attention,
enabling the brain to focus on specific aspects of the visual input by synchronizing neuronal

populations involved in processing these features (Tallon-Baudry, 2009).

Beta oscillations (12-30 Hz) play a significant role in active, conscious visual perception and the
maintenance of attention. These oscillations are involved in the prediction of upcoming visual stimuli

based on previous experience, helping to anticipate and prepare for what is seen next. Beta waves
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contribute to the continuity and stability of visual perception, particularly when processing familiar or

expected visual information (Wrébel, 2000).

Alpha oscillations (7.5-12 Hz) are primarily associated with the suppression of irrelevant visual
information, which enhances the brain's ability to focus on specific stimuli. By gating sensory input,
alpha waves play a crucial role in visual attention, allowing for the selective processing of relevant
information while filtering out distractions. This selective attention is essential for navigating complex

visual environments (Clayton et al., 2018).

Theta oscillations (4-7.5 Hz) are linked to the encoding of visual memory and the integration of
sensory information with previous experiences. These oscillations are particularly important in
processing complex visual scenes and spatial navigation, as they help the brain to relate current visual
input to stored memories, thereby aiding in the recognition and interpretation of the visual

environment (Herweg et al., 2020).

Delta oscillations (0.1-4 Hz), while typically associated with sleep, also play a role in the visual
system, particularly in the consolidation of visual memory and the offline processing of visual
information during rest. Delta waves may facilitate the long-term storage of visual experiences and
the integration of these experiences into a coherent memory framework, which can be accessed and

utilized during waking hours (Harmony, 2013).

Through these oscillations, the visual system orchestrates the processing of sensory information
across different temporal and spatial scales, ensuring that the brain can effectively interpret and
respond to the visual world. Each frequency band contributes to a specific aspect of visual processing,
from immediate feature detection to the integration of visual experiences into long-term memory,

highlighting the complexity and adaptability of the visual system.
Modulation of Visual Information Processing

Overview of Neuromodulation Techniques

Classically, the term “neuromodulation” refers to an effect in which a neurotransmitter does not lead
to strong depolarization and generation of action potentials, but to subthreshold changes in cell
polarity, and thus modifies the neuron's responses to stimulation from other sources
(increases/decreases the likelihood of spike generation; Longstaff, 2002). The term can also be used
more generally to refer to the process of influencing the activity of the nervous system with external
or internal stimuli to modify, regulate or modulate neuronal functions. In this context,

neuromodulation encompasses a range of techniques designed to alter neuronal activity through
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targeted stimuli delivered to specific regions of the nervous system (Krames et al., 2009; Schalk et al.,
2024). This broad field includes pharmacological, magnetic, electrical, light-based, and sound-based
methods, each utilizing distinct approaches to modulate neuronal excitability and synaptic
transmission. Pharmacological neuromodulation involves the administration of drugs to influence
neurotransmitter activity by targeting specific receptors or pathways, offering precise control over
chemical synaptic processes. Magnetic neuromodulation, such as transcranial magnetic stimulation
(TMS), employs magnetic fields to induce electrical currents in the brain, modulating neural activity
non-invasively. Electrical neuromodulation encompasses various techniques that apply electrical
currents directly to neural tissues to alter their function, either invasively through implanted devices or
non-invasively via surface electrodes. Light-based neuromodulation, including optogenetics,
leverages light-sensitive proteins to control neuronal activity with high spatial and temporal precision,
usually in genetically modified cells. Sound-based neuromodulation, such as ultrasound or auditory
stimulation, uses sound waves to modulate neural circuits, sometimes reaching deeper brain regions
inaccessible by other non-invasive methods. One of the other popular forms of neuromodulation is
neurofeedback, which involves training individuals to self-regulate their brain activity by providing

real-time feedback on neuronal signals (Marzbani et al., 2016).

Within the context of this dissertation, the focus is on neuromodulation techniques that utilize
electrical currents to influence neural activity, particularly within the human visual system. Electrical
stimulation (ES) has a long history, with the earliest documented use, in the context of visual system,
dating back to 1755, when Charles LeRoy applied an electrical discharge to the eye surface of a
cataract patient. The patient reported experiencing strong flashes of light, or phosphenes, marking the
first recorded instance of ES generating visual sensations (Sehic et al., 2016). This exploration of
electrical stimulation methods accelerated further in the 19th century with the invention of the electric
pile by Volta, which laid the groundwork for understanding the therapeutic potential of direct current
(DC) in neurology (Paulus, 2011). Alessandro Volta conducted experiments where he applied direct
current to his own eyes using metal rods connected to a 50-volt circuit. He reported experiencing
visual sensations akin to “a cloud of light” (Kaidheim, 1977). Later, in 1873, Henri Dor demonstrated
the therapeutic potential of ES for various visual disorders, such as glaucoma, retinochoroiditis, and
optic atrophy (Dor, 1873, as cited in Sehic et al., 2016). By 1929, Otfrid Foerster observed neural
responses in the visual cortex when ES was applied to the eye (Foerster, 1929, as cited in Sehic et al.,
2016). Furthermore, Rohracher (1935, as cited in Schwiedrzik, 2009) demonstrated that alternating
current (AC) stimulation applied with various electrode configurations on the head could reliably
induce peripheral phosphenes, marking an early success in visual system stimulation. This progress
culminated in 1974, when suprathreshold ES was shown to elicit visual perceptions by stimulating the
visual system (Dobelle and Mladejovsky, 1974). More recent studies, such as those by Chow et al.
(2004), identified that subthreshold ES of the retina improved visual performance in patients with
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inactive subretinal chips, likely due to neuroprotective effects mediated by neurotrophic factors.
Additionally, Santarnecchi et al. (2015), discuss the potential of transcranial electrical stimulation
(tES) to modulate brain activity, emphasizing its application in enhancing cognitive abilities, which
could extend to improving visual processing by targeting brain regions involved in vision. These
findings sparked significant research interest into the effects of ES through animal studies and clinical

trials, particularly for treating visual impairments in the following years.

Today, neuromodulation methods related to stimulation of the visual system and/or visual functions in
cortical areas can be divided in terms of the form of applied current and location of stimulation
electrodes. Among the most popular forms of current stimulation, we can mention direct current
stimulation (DCS), alternating current stimulation (ACS), random noise stimulation (RNS) and pulsed
current stimulation (PCS). On the other hand, in the context of electrode localization, we can mention
transcranial, periorbital, transorbital, transpalpebral, transcorneal, suprachoroidal, epiretinal,
subretinal and optic nerve current stimulation (Figure 1-9C). It is still possible to stimulate directly the
surface of the cortex or its deep structures (Bosking et al., 2017), but we will focus here primarily on
the head and areas around the eyes .The following sections will delve deeper into these techniques,
exploring their mechanisms, applications, and the nuances of their therapeutic effects on the nervous
system. We will begin by discussing the location of the electrodes and making a distinction between
invasive and non-invasive stimulation based on them, which will help in discussing the forms of

stimulation and their most common paradigms.

Location of Electrodes: Between Invasiveness and Non-Invasiveness

Electrical stimulation methods can be effectively discussed on two levels: first, based on the location
of the stimulation electrodes, and second, based on the form of the applied current. The most common
approach is transcranial stimulation, where electrodes are placed on the surface of the head (Antal et
al., 2017, 2022) (Figure 1-9A). However, when focusing on stimulating the early stages of the visual

system, more specific electrode placements are used (Sehic et al., 2016) (Figure 1-9C).

For example, electrodes placed directly on the cornea are referred to as transcorneal stimulation, while
placement on the eyelids is known as transpalpebral stimulation. Electrode positioning on the sclera is
called suprachoroidal stimulation, and on the retina, it is termed epiretinal stimulation. When placed
beneath the retina, it is described as subretinal stimulation. Electrodes located between the eyelids and
the eyebrow arch correspond to transorbital stimulation. Finally, for a placement that bridges the gap

between transorbital and transcranial approaches, we propose referring to it as periorbital stimulation.

The term periorbital is more precise than transorbital for describing electrode placement above the

eyebrow arch and on the cheeks below the eyes. Unlike transorbital, which has been used in studies
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such as Gall et al. (2016), periorbital better reflects the fact that the electrical stimulation is applied
around the orbit rather than strictly through it. This distinction is crucial for clarity in describing
stimulation setups targeting ocular structures. The induced electric field influences the eye, potentially
eliciting retinal-based phosphenes, whose informational representation is transmitted via the visual
pathway to the visual cortex. Adopting the term periorbital ensures accurate anatomical and functional

descriptions in studies focused on the visual system.

This dissertation focuses on non-invasive current neuromodulation techniques, which hold significant
potential in neuroscience and clinical applications. These methods modulate the function, physiology,
and anatomy of the nervous system by altering its organic electric field without breaching the skin
barrier or causing significant discomfort to the subject (Bestmann et al., 2017; Antal et al., 2017). All
currently available non-invasive techniques are transcutaneous, relying on electrodes placed on the

skin's surface to deliver the stimulation.

Form of Current

In addition to the location of the stimulation electrodes, the most crucial aspect of the stimulation
paradigm is the choice of the form of applied current. DCS modulates neuronal excitability through
sustained, low-intensity electric fields (Figure 1-9B, upper left; Figure 1-10). ACS engages neural
oscillations by synchronizing electrical activity across networks (Figure 1-9B, upper right; Figure
1-11; Figure 1-12). RNS leverages stochastic resonance to enhance signal processing and
communication between neurons (Figure 1-9B, lower left; Figure 1-13). PCS applies discrete pulses
to selectively activate or inhibit specific neural pathways (Figure 1-9B, lower right; Figure 1-14).
These forms will be further elaborated below in the context of their applications within the visual

system.
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Figure 1-9. Non-invasive electrical stimulation techniques. (A) Schematic representation of non-invasive
electrical stimulation applied to the scalp, targeting underlying neural circuits through external electrodes to
modulate brain activity for transcranial location of stimulation electrodes. (B) Waveforms associated with different
non-invasive electrical stimulation methods. Direct current stimulation (DCS) involves applying a constant
low-intensity direct current to modify neuronal excitability, either enhancing or inhibiting neural activity depending
on the current's polarity. Alternating current stimulation (ACS) uses an alternating sinusoidal current to entrain
neural oscillations at specific frequencies, potentially enhancing cognitive functions or sensory processing.
Random noise stimulation (RNS) applies a random noise current to induce stochastic resonance, enhancing
neural responsiveness and plasticity. Pulsed current stimulation (PCS) delivers a pulsed current intermittently to
influence neural circuits, with effects depending on the frequency and pattern of the stimulation pulses. PCS can
use a variety of waveforms, including squared, sawtooth and sinusoidal shapes, and can be applied in both
monophasic and biphasic forms. (C) Various locations of stimulation electrodes. Periorbital location refers to the
location somewhere between transorbital and transcranial, for example, the area above the eyebrows and on the
cheeks. However, the boundaries between different locations are fluid. (D) Low-scale effects of current
stimulation, whose electric field influence is focused on the eyeball, may involve neuroprotective mechanisms at
the retinal level. These mechanisms include the upregulation of various neurotrophic factors, such as
brain-derived neurotrophic factor (BDNF), ciliary nerve trophic factor (CNTF), fibroblast growth factor (FGF), and
insulin-like growth factor 1 (IGF-1). Additionally, Miiller cells (MCs), primary microglia (PG), and retinal ganglion

cells (RGCs) may play a crucial role in mediating these effects. Processes like the regulation of glutamine
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synthetase (GS) and the involvement of tumor necrosis factor-a (TNF-a) further emphasize the cellular and
molecular pathways potentially underlying the neuroprotective influence of ophthalmic current stimulation. Panels
(A), (C), and (D) created with BioRender.com (2024). Panels (C) and (D) based on Figures 1 and 2 from Sehic et
al. (2016), respectively.

Direct Current Stimulation

Overview of the Current Form and Basic Mechanisms of Action

DCS involves applying a mild direct current to the brain through the scalp via electrodes, typically
comprising one anode and one cathode (Figure 1-9A and Figure 1-9B, upper left). The electrodes are
generally large, ranging from 10 to 35 cm?, allowing the current to reach broad brain regions. DCS
employs a low-intensity current, typically between 0.5 and 2 mA, administered for durations spanning
several to tens of minutes. The current flows in a constant direction - from the anode to the cathode -
polarizing neuronal membranes beneath the electrodes (Lefaucheur, 2012). Anodal stimulation
usually depolarizes the neuronal soma, increasing its likelihood of firing action potentials, while
cathodal stimulation hyperpolarizes the soma, reducing the likelihood of neuronal firing. This
modulation depends on the spatial organization of neurons relative to the induced electric field (IEF);
neurons closer to the anode tend to hyperpolarize, while those nearer the cathode depolarize. As
illustrated in Figure 1-10, anodal stimulation generates an inward current near the soma, leading to
depolarization while simultaneously hyperpolarizing the apical dendrites. Conversely, cathodal
stimulation produces an outward current, causing somatic hyperpolarization and apical dendritic
depolarization. Although these changes in membrane potential do not typically elicit action potentials
at standard stimulation intensities, they modulate neuronal excitability, altering the likelihood of

action potential generation in response to subsequent synaptic inputs.

Beyond these immediate effects, DCS can induce sustained impacts on neuronal excitability and
synaptic plasticity. Studies have shown that DCS can lead to long-lasting changes in excitability, as
evidenced by TMS-induced motor responses that persist for minutes to over 24 hours, depending on
the stimulation's duration and intensity (Herrera-Melendez et al., 2020). These prolonged effects are
thought to involve mechanisms resembling long-term potentiation (LTP) and long-term depression
(LTD) at glutamatergic synapses, central to synaptic plasticity and learning. NMDA receptor-mediated
calcium influx plays a pivotal role in these processes, as pharmacological studies demonstrated that
NMDA receptor antagonists blocked both the excitatory and inhibitory effects of DCS (Nitsche et al.,
2003a), whereas NMDA receptor agonists prolonged excitatory effects (Nitsche et al., 2004).
Furthermore, magnetic resonance spectroscopy studies have revealed that DCS can decrease GABA
concentrations (Kim et al., 2014), thereby shifting the balance between excitatory and inhibitory

neural activity.
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Effects on Information Processing in the Visual System

DCS has been extensively studied for its effects on the visual system, demonstrating its ability to
modulate cortical excitability and influence visual processing in a variety of ways. The earliest
documented instance of DCS of the visual system dates back to 1755, when French physician Charles
Le Roy applied direct current to a blind patient (due to cataract), resulting in the perception of light
flashes, known as phosphenes. In the context of modern times, anodal and cathodal tDCS applied to
the visual cortex alter phosphene thresholds induced by TMS, with anodal stimulation lowering
thresholds and cathodal stimulation raising them, suggesting reversible and transient modulation of
visual cortex activity (Antal et al., 2003). Over the occipital cortex, tDCS modulates VEPs in a
polarity-specific manner, increasing or decreasing the amplitude of the N70 component depending on
the type of stimulation applied, particularly for low-contrast stimuli (Antal et al., 2004). The method
also induces prolonged changes in neuronal excitability and synaptic efficacy, highlighting its
potential as a non-invasive tool for exploring visual psychophysics (Antal et al., 2006).
Gender-specific effects have been reported, with anodal tDCS increasing cortical excitability more
significantly in women than men, potentially influenced by gonadal hormones (Chaieb et al., 2008).
Anodal tDCS reduces surround suppression within V1, indicative of its role in modulating
intracortical inhibition, while cathodal stimulation shows no such effect (Spiegel et al., 2012). Further
studies reveal polarity-specific effects of tDCS on magnocellular and parvocellular pathways, as well
as frequency- and contrast-dependent modulation of visual thresholds and evoked potentials (Costa et
al., 2015). Notably, 20 minutes of anodal tDCS applied to the visual cortex can improve visual acuity
by approximately 15%, particularly in individuals with lower baseline acuity, and is associated with
changes in visually evoked potentials and enhanced contrast sensitivity at high spatial frequencies
(Reinhart et al., 2016). Additionally, electrical stimulation of the visual cortex evokes phosphenes,
providing insights into cortical function and laying the groundwork for visual prosthetics, though
achieving functional prostheses will require the creation of spatial-temporal activity patterns for

complex visual perception (Bosking et al., 2017).
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Figure 1-10. Effects of the induced electric field (IEF) during direct current stimulation (DCS) on pyramidal
neurons and their input-output (I/O) functions, depending on the angle of the electric dipole vector and external
voltage effects. (A) Schematic representation of a pyramidal neuron illustrating the effects of direct current flow
and external voltage on neuronal polarization. Under anodic DCS electrode (positive current flow from anode to
cathode), the outside of the cell membrane close to the anode becomes positively charged, causing a differential
effect on different parts of the neuron. Extracellulary positive voltage near the anode leads to hyperpolarization in
dendrites due to an outward shift of ions, while the cell soma experiences depolarization as ions shift inward. This
differential polarization depends on the orientation of the neuron relative to the electric field, with the soma being
more prone to depolarization and the dendrites to hyperpolarization with top-down and cell-parallel anodic
stimulation. (B) Graph illustrating the model I/O function of a neuron before and after stimulation. Anodic DCS
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leads to a shift in the I/O curve due to the depolarization of the soma, which lowers the threshold for action
potential generation. This results in increased neuronal excitability, reducing the amount of input required to
achieve the same level of output as before stimulation. The dotted line indicates the I/O function post-stimulation,
showing a leftward shift, which represents a decrease in activation threshold. (C) A circular diagram illustrating
the relationship between various angles of the neuron's apical-axonal axis relative to the current dipole vector,
along with the corresponding input/output (I/O) functions for each angle. In regions where the neuron's orientation
aligns with the electric field such that the current flows toward the anode, somatic depolarization occurs due to
the external voltage effects, reducing the activation threshold and increasing excitability. Conversely, when the
neuron is oriented with its apical dendrites facing the cathode, where the current flows outward from the soma,
somatic hyperpolarization occurs. This configuration typically requires a stronger input to overcome the inhibitory
effect and generate an action potential. The aggregate I/O function at the center reflects the overall neuronal
response in a spatially varying electric field. Anodic DCS decreases the activation thresholds of neurons primarily
through somatic depolarization induced by the external voltage effects, thereby enhancing their excitability
despite potential dendritic hyperpolarization. This effect is most pronounced when the neuron’s orientation is
such that the soma is depolarized. The differential effects on dendrites and soma, influenced by both internal
polarization and external voltage shifts, highlight the complex interplay between neuronal orientation, electric field
direction, and resulting neuronal excitability. Created with BioRender.com (2024) based on de Berker et al. (2013)
and Lee et al. (2021b).

Application in Neurorehabilitation

tDCS is extensively used in neurological rehabilitation to enhance brain recovery after conditions
such as stroke, head trauma, or inflammatory diseases like multiple sclerosis (Lefaucheur et al., 2017).
Given its efficacy in promoting neural recovery, it has also been tested in the treatment of visual
disorders. In amblyopia, anodal tDCS was shown to increase VEP amplitude (Ding et al., 2016) and to

transiently improve contrast sensitivity (Spiegel et al., 2013).

The studies by Plow and colleagues (2011; 2012a; 2012b) provide compelling evidence for the
efficacy of combining occipital cortical tDCS with vision restoration therapy (VRT) in enhancing
visual rehabilitation outcomes in patients with hemianopia. Plow et al. (2011) demonstrated that this
combined approach was both feasible and safe. Compared to VRT with sham (placebo) stimulation,
therapy with tDCS resulted in greater improvements in visual field expansion, enhanced visual

cortical reorganization seen in fMRI, and improved activities of daily living.

In a clinical trial, Plow et al. (2012a) confirmed these findings, showing that the combination of tDCS
and VRT significantly outperformed VRT with sham in terms of visual field expansion and activities
of daily living, although subjective perceptions of improvement were unexpectedly higher in the sham
group. A subsequent randomized controlled trial by Plow et al. (2012b) revealed that tDCS combined
with VRT accelerated improvements in stimulus detection early in the training process, with more

substantial visual field shifts manifesting after three months, indicating a task-specific enhancement of
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visual recovery. This trial also found that tDCS did not significantly improve contrast sensitivity or
reading performance, underscoring the selective impact of tDCS on different aspects of visual
function. Nevertheless, the results indicated that patients receiving combined treatment with tDCS

exhibited accelerated recovery and a greater shift in the visual field border.

Together, these studies suggest that tDCS can effectively augment VRT, potentially offering a more
robust therapeutic strategy for visual rehabilitation in hemianopia. In addition, the study by Olma et
al. (2013) demonstrated that serial anodal tDCS applied over the visual cortex in subjects after
occipital stroke led to significant long-term improvements in motion perception in the unaffected
visual hemifield. These effects, observed after five consecutive days of stimulation, were sustained at
14- and 28-day follow-up assessments, suggesting that tDCS can induce neuroplastic changes in the
visual cortex. The findings highlight the potential of tDCS for promoting long-term visual function

recovery in patients with cortical lesions.

Moreover, the study by Kim et al. (2016) investigated the effects of tDCS combined with traditional
occupational therapy on visual perception and ADL performance in stroke patients. Although there
was no significant difference between the sham and tDCS groups, the experimental group achieved
higher scores. Previous studies by Kraft et al. (2010) and Peters et al. (2013) suggest that tDCS may

enhance perceptual learning, offering potential benefits for neurorehabilitation of visual functions.

In summary, these studies demonstrate that tDCS, particularly when combined with visual
rehabilitation therapies such as VRT, can significantly improve visual field expansion, visual

perception, and daily living activities in patients with conditions such as hemianopia and amblyopia.

Alternating Current Stimulation

Overview of the Current Form and Basic Mechanisms of Action

The ACS involves applying alternating electrical current to the tissue of interest (Figure 1-9B, upper
right). This current periodically changes direction at specific frequencies, ranging from as low as 0.1
Hz to as high as 100 Hz, with stimulation durations lasting from several minutes to tens of minutes
(Wischnewski et al., 2023). The typical transcranial ACS (tACS) setup, which is the most common,

uses electrodes placed on the scalp, similar to those used in tDCS.

tACS delivers low-intensity currents, generating electric fields in the brain that typically range from
0.1 to I mV/mm (or 0.1 to 1 V/m) for commonly used intensities that avoid discomfort during
stimulation (Alekseichuk et al., 2022). This field strength is sufficient to bias the timing of neuronal
action potentials, influencing the likelihood of neural firing without directly inducing action
potentials. However, the electric field intensity diminishes as it penetrates deeper cortical structures,

making the effects of tACS most pronounced in superficial cortical areas.
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Empirical studies suggest that a minimum effective field strength of approximately 0.3 to 0.4 mV/mm
is required to achieve an 80-95% probability of modulating neuronal activity in the targeted regions
(Figure 1-11A). When this threshold is met, tACS influences brain activity through three primary
mechanisms (Figure 1-11B) (Alekseichuk et al., 2022; Wischnewski et al., 2023):

1. Neural spike-timing modulation and local entrainment (Figure 1-11B, upper panel). tACS can
bias the timing of neural spikes, promoting synchronization of neuronal activity with the AC
frequency (Herrmann et al, 2016). This occurs through rhythmic polarization and
depolarization of neurons, aligning their firing patterns to the applied AC frequency during
stimulation, referred to as "online effects”. Entrainment is most effective when the stimulation
frequency matches the natural "eigenfrequency"” of the targeted brain oscillations, such as the
individual alpha frequency (~10 Hz) observed in EEG recordings. This frequency-matching
phenomenon, illustrated by the "Arnold Tongue”, ensures that neurons synchronize optimally

with the external oscillations (Figure 1-11C-E) (Salchow et al., 2016; Sabel et al., 2020a).

2. Induction of synaptic plasticity (Figure 1-11B, central panel). tACS can induce changes that
persist beyond the stimulation period, known as "offline" or "after-effects”. For instance,
Zachle et al. (2010) demonstrated that alpha-frequency tACS increased the amplitude of alpha
oscillations recorded after stimulation. Sustained neural entrainment over 10 to 30 minutes is
thought to be necessary for inducing synaptic plasticity (Striiber et al., 2015), allowing tACS

to influence longer-lasting changes in neural connectivity and function.

3. Modulation of long-range connectivity (Figure 1-11B, lower panel). By applying tACS over
multiple brain regions, oscillatory activity between these areas can be synchronized.
Depending on whether the regions are synchronized to the same or different AC phases, tACS
can either enhance or disrupt inter-regional communication (Bola et al., 2014; Helfrich et al.,
2014; Weinrich et al., 2017; Schwab et al., 2019). This modulation of connectivity can align
time windows for neuronal depolarization and action potential firing, facilitating information

flow within local networks and across large-scale brain networks.

The effects of ACS are influenced by various factors, including electrode placement, stimulation
waveform, intensity, and the brain's concurrent activity state. These parameters collectively shape
ACS's ability to modulate cognition and behavior in a frequency-specific manner, making it a versatile

tool for both research and clinical applications targeting brain function.
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Figure 1-11. Effects of alternating current stimulation (ACS) on neural mechanisms and brain function. (A)
Dose-response curve illustrating the relationship between electric field strength (mV/mm) and the cumulative
probability of achieving the minimum effective dose to modulate brain activity. The gradient area (blue to red)
represents the probability of achieving the desired neural effect and includes a 99% confidence interval.
Meta-analyses suggest that an electric field strength of approximately 0.3 mV/mm yields an 80% probability of
modulating brain activity, while 0.4 mV/mm corresponds to a 95% probability. The unit mV/mm is equivalent to
V/m (e.g., 0.5 V/m equals 0.5 mV/mm). Adapted from Alekseichuk et al. (2022). (B) Schematic representations of
ACS effects when sufficient electric field strength is achieved: (1) modulation of spike timing leading to biased
spiking and local neural entrainment during stimulation; (2) enhancement of synaptic plasticity, particularly via
NMDA receptor pathways, with effects extending beyond stimulation; and (3) modulation of long-range
connectivity through synchronization of brain regions, either in-phase or out-of-phase, to strengthen or weaken
inter-regional connectivity. These mechanisms highlight ACS’s potential for targeted cognitive and functional
improvements. Adapted from Wishnewski et al. (2023). (C) Graphical representation of the Arnold Tongue,
illustrating regions of frequency and amplitude where neural oscillations achieve entrainment. The x-axis
represents the stimulation frequency (8—12 Hz), while the y-axis depicts the stimulation amplitude as a

percentage. The central blue region shows the entrainment zone, where the driven oscillator, with an

~ 45 ~



eigenfrequency of 10 Hz, synchronizes its phase and frequency to the external driving force. Outside this region,
the oscillator fails to achieve synchronization. (D) Entrainment dynamics at 9 Hz driving frequency. The driven
oscillator (eigenfrequency 10 Hz) successfully synchronizes to the external 9 Hz stimulation (blue signal), with
peaks and troughs aligning (dashed lines), demonstrating neural entrainment within the Arnold Tongue region.
(E) Failed entrainment dynamics at 11 Hz driving frequency. The external driving force is too weak and
mismatched in frequency to shift the oscillator’s eigenfrequency, resulting in no synchronization. Neural
oscillations (black signal) remain independent of the external stimulation (blue signal), demonstrating the limits of
neural entrainment. C-E subplots adapted from Sabel et al. (2020a). Created with BioRender.com (2024).

Effects on Information Processing in the Visual System

The effects of ACS on the visual system have been explored for decades, beginning with Rohracher’s
(1935, as cited in Schwiedrzik, 2009) early demonstration that ACS applied with various electrode
configurations reliably induced peripheral phosphenes, marking a foundational success in visual
system stimulation. Subsequent studies have expanded on this, with Kanai et al. (2008) showing that
transcranial alternating current stimulation (tACS) over the occipital cortex interacts with ongoing
cortical rhythms in a frequency-specific manner to induce phosphenes, with the most effective
stimulation frequency influenced by ambient lighting and oscillatory activity. Schutter and Hortensius
(2010) further highlighted the importance of volume conduction effects, reporting more intense
phosphenes during frontalis-vertex tACS compared to occiput-vertex configurations, suggesting a
retinal contribution to cortical stimulation effects. Naycheva et al. (2012) demonstrated that
electrically evoked phosphene thresholds are significantly higher in patients with retinal diseases
compared to healthy individuals, with the lowest thresholds observed at 20 Hz, underscoring the
method’s utility for assessing retinal function clinically. However, Brignani et al. (2013) raised
concerns about tACS reliability in modulating brain oscillations, finding impaired task performance at
specific frequencies (6 Hz and 10 Hz) over the occipito-parietal area but no evidence of
retinotopically organized effects. Antal and Paulus (2013) provided an overview of tACS
mechanisms, emphasizing its ability to synchronize or desynchronize cortical rhythms, induce
neuroplasticity with long-term use, and impact functions ranging from motor performance to
oncological treatments. Laakso and Hirata (2013) used computational modeling to confirm that
tACS-induced phosphenes originate in the retina due to the eye’s sensitivity to electrical stimulation,
even with distant electrode placements. Schutter (2016) highlighted challenges in disentangling
central and peripheral contributions to brain function and cognition during tACS-induced retinal
phosphenes. Finally, Sabel et al. (2020a) reviewed tACS as a promising tool for modulating visual
information processing and inducing brain plasticity, particularly when applied transorbitally or

directly over the visual cortex.
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Application in Neurorehabilitation

tACS has been used in neurorehabilitation efforts targeting the visual pathway for over 25 years (Abd
Hamid et al., 2015; Sabel et al., 2020a). This technique demonstrates potential across various stages of
the visual system, from the retina to the visual cortex, and is increasingly recognized for its ability to
modulate visual perception, restore vision, and enhance neuroplasticity. Studies show that applying
tACS at specific frequencies, such as alpha (8-12 Hz) or gamma (30-100 Hz), enhances visual
perception by inducing phosphenes, modulating contrast sensitivity, and improving performance in
tasks related to motion detection and object recognition (Kanai et al., 2008; Antal et al., 2008). These
effects are attributed to the reinforcement of neural circuits within the visual system, highlighting
ACS as a potent mechanism for enhancing visual processing in both healthy individuals and those
with visual impairments. The induction of lasting after-effects beyond the stimulation period is
particularly significant for vision restoration, with evidence suggesting improvements in visual acuity

and visual field performance (Sabel et al., 2020a).

A case study showed that repetitive transorbital ACS (rtACS) applied to a patient with optic nerve
atrophy significantly improved super-threshold visual field detection and perimetric thresholds,
suggesting enhanced neural synchronization and transmission along the central visual pathway (Gall
et al., 2010). Similarly, a clinical trial found that rtACS significantly increased defective visual field
size and vision-related quality of life in patients with optic neuropathy, with improvements in the
National Eye Institute Visual Function Questionnaire "general vision" subscale and static and kinetic
perimetry compared to sham stimulation (Gall et al., 2011). Another study investigating brain
functional connectivity in individuals with partial optic nerve damage revealed that rtACS enhanced
short- and long-range alpha coherence, which correlated with improved detection abilities and
processing speed, underscoring the role of brain connectivity in vision restoration (Bola et al., 2014).
A randomized controlled trial further demonstrated that rtACS improved super-threshold visual field
detection by 24% in partially blind patients with optic neuropathy, along with enhancements in
near-threshold visual fields, reaction times, and static perimetry, suggesting increased neural
coherence and brain plasticity (Gall et al., 2016). However, it is important to note that this study
technically used PCS rather than ACS, as it employed bursts of biphasic square pulses with an

unknown number and length per burst at frequencies of 8-25 Hz during 25-minute sessions.

In recent research, however, Enayati et al. (2024) explored the optimal parameters of transcorneal
ACS in a mouse model of RP, showing that rectangular and ramp waveforms significantly improved
photoreceptor survival and retinal function. These findings suggest promising applications for ACS in
preserving vision in both human and mouse models of degenerative retinal diseases. By promoting
synaptic plasticity and potentially reorganizing functional connectivity within the visual cortex, ACS

offers a non-invasive and effective therapeutic intervention for neurorehabilitation programs aimed at
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vision restoration. Future advancements, including individualized protocols and computational
modeling, are likely to further enhance its therapeutic potential, paving the way for more targeted and

efficient interventions.

Random Noise Stimulation

Overview of the Current Form and Basic Mechanisms of Action

The third major non-invasive neuromodulation approach involving electrical current is RNS, which
applies a random or "noisy" current (Figure 1-9B, lower left). Technically, RNS uses similar contacts
and generally low-intensity current like the other techniques, but it stands out because its current
fluctuates continuously in a random Gaussian noise pattern containing frequencies from 0.1 Hz to 640
Hz (Antal and Herrmann, 2016). Mechanisms underlying the effects of RNS are not fully understood,
but several hypotheses have been proposed. In-vitro studies indicated that, on the cellular level, RNS
affects the sodium (Nat) channels in neurons, potentially altering their activation and inactivation
dynamics (Remedios et al., 2019) and inducing subtle changes in the neuronal membrane potentials.
On a population level, RNS may operate through mechanisms like stochastic resonance (Moss et al.,
2004; Pavan et al., 2019). Stochastic resonance (SR) is a nonlinear phenomenon where random noise
added to a system can actually improve the detection of weak signals or enhance the information
content of a signal, such as neural activity (Figure 1-12). This counterintuitive effect occurs because
an optimal level of noise can help a subthreshold stimulus reach a detection threshold. In the context
of RNS, the random noise stimulus, overlaid on natural subthreshold neural oscillations, can enhance
the detection of weak signals by neurons, thereby improving sensory processing and perception.
Moreover, the randomness of the noise can enhance neural communication and plasticity by
preventing the neurons from becoming desensitized to repetitive stimulation patterns (Antal and
Herrmann, 2016; Fertonani and Miniussi, 2017), thus promoting more robust neural responses across
different frequencies. Notably, reversing electrode polarities in RNS does not reverse effects on
cortical excitability (Antal and Herrmann, 2016), which confirms that the effects are due to the

dynamic of random fluctuations of electric fields, not their direction.
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Figure 1-12. Stochastic resonance in neural signal processing. The left panel illustrates a 10 Hz sinusoidal signal
with added Gaussian noise. The original subthreshold signal (black line) does not cross the threshold for spike
generation. However, with the introduction of noise (blue line), the combined signal surpasses the threshold,
leading to threshold-crossing spikes generation (bottom plot), which are represented as discrete events over
time. The right panel shows the relationship between noise intensity and mutual information (measured in bits).
An optimal noise level maximizes information transfer, highlighting the beneficial effects of moderate noise in
enhancing neural signal detection / spike generation. Beyond this optimal point, increasing noise intensity leads
to a decline in mutual information, indicating a detrimental impact on neural information processing and

integration. Based on Figure 1 from Moss et al., 2004, with arbitrary values not based on experimental data.

Effects on Information Processing in the Visual System

Building on the unique mechanisms of action described earlier, transcranial RNS (tRNS) has
demonstrated significant potential for modulating the visual system and enhancing various aspects of
visual perception and processing. Through its stochastic resonance effects and ability to influence
cortical excitability, tRNS can improve neural communication, enhance detection of weak stimuli, and
promote plasticity in visual cortical networks. These properties make it a promising tool for advancing

our understanding of visual system function and exploring therapeutic applications.

Herpich et al. (2015) demonstrated that high-frequency tRNS significantly enhances perceptual
learning in global motion direction discrimination tasks compared to anodal tDCS, sham, and
no-stimulation conditions in healthy adults. Similarly, van der Groen and Wenderoth (2016) showed
that tRNS improves the detectability of weak visual stimuli through stochastic resonance, which
optimizes performance in visual detection tasks. Van Koningsbruggen et al. (2016) further highlighted
that tRNS applied over the visual cortex enhances value-driven attentional capture by potentiating

plasticity in reward-associated visual learning tasks.
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Comprehensive reviews, such as that by van der Groen et al. (2022), underscore the broader benefits
of tRNS in enhancing perception, learning, and long-term plasticity. Potok et al. (2023) extended this
work by demonstrating that tRNS applied to the V1 and retina significantly improves visual contrast
sensitivity, enhancing the detection of weak stimuli through the modulation of retino-cortical

pathways.

Application in Neurorehabilitation

Clinically, tRNS has shown considerable promise in improving visual functions for conditions such as
amblyopia, hemianopia, myopia, and retinal disorders. For amblyopia, a condition characterized by
reduced visual acuity due to abnormal visual development, tRNS applied over the visual cortex has
resulted in significant improvements in both visual acuity and contrast sensitivity (Camilleri et al.,
2016). Donkor et al. (2021) demonstrated that five daily sessions of tRNS significantly enhanced
contrast sensitivity and uncrowded visual acuity in adults with amblyopia, though long-term
improvements were less consistent. Notably, studies have shown that combining tRNS with perceptual

training can enhance these effects (Campana et al., 2014, 2016).

tRNS has also been effective in rehabilitating patients with hemianopia, where vision is lost in half of
the visual field due to cortical or optic pathway damage. When applied over the occipital cortex, tRNS
facilitated visual field recovery (Fertonani et al., 2011). The improvement was believed to occur
through the enhancement of residual visual processing capabilities, where tRNS amplified
sub-threshold neural activity, thereby improving visual detection and perception in the impaired field.
Herpich et al. (2019) further demonstrated that tRNS could boost visual learning in patients with
chronic cortical blindness, leading to recovery of motion processing in the blind field within just ten

days of training - a timeframe insufficient for significant improvement with training alone.

The potential of tRNS in managing myopia has also been explored. Early studies suggest that tRNS
could modulate visual processing and potentially slow myopia progression by altering neural activity
related to the accommodation reflex (Camilleri et al., 2014, 2016). In studies involving myopic
patients, the combination of tRNS with contrast-detection tasks led to improvements in contrast
sensitivity and visual acuity, further supporting the role of tRNS as a beneficial adjunct to behavioral

training (Camilleri et al., 2014, 2016).

Moreover, Itzcovich et al. (2017) demonstrated that stochastic resonance, using optimal levels of
dynamic Gaussian noise, significantly improves the detection of sub-threshold visual information in
individuals with retinal disorders and impaired vision. This finding underscores the potential of tRNS
and related approaches to enhance visual performance even in severely impaired populations by

modulating neural responses to weak stimuli.
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Pulsed Current Stimulation

Overview of the Current Form and Basic Mechanisms of Action

Among the lesser-known non-invasive stimulation paradigms, PCS stands out as particularly relevant
to this work, being the fourth and final technique discussed in the context of applied current forms
(Fitzgerald, 2014; Jaberzadeh et al., 2014; Malekahmad et al., 2024). PCS involves the application of
short electrical pulses - delivered individually, in bursts, or continuously over periods ranging from
several minutes to tens of minutes - most commonly via electrodes placed on the skin during
transcranial stimulation or on the cornea during transcorneal stimulation (Figure 1-9B, lower right).
The pulses vary widely in duration, amplitude, and frequency, typically lasting from a few
milliseconds to several hundred milliseconds, with frequencies ranging from 1 Hz to several kHz.
Additional parameters, such as the inter-pulse interval (IPI), the number of pulses per session, and
pulse shape (e.g., monophasic, biphasic, sinusoidal, square, or sawtooth), further characterize this
technique. PCS is distinguished by its intermittent nature, featuring alternating periods of stimulation

and rest.

The basic mechanisms and effects of PCS share similarities with those of other electrical stimulation
methods (Figure 1-13A). The outcomes depend not only on stimulation strength, duration, and
intervals but also on timing relative to neural events or external stimuli. While PCS is often described
as a continuous stimulation method in the literature (e.g., Malekahmad et al., 2024), even single
monophasic or biphasic pulses can be delivered as part of a signal with a defined IPI over a specified
period. PCS is also frequently referred to by alternative names, such as repetitive ACS (e.g., Gall et
al., 2016) or transcorneal electrical stimulation (TES), which most often involves applying pulses of a
specific type, duration and frequency over a set period, typically through corneal electrodes

(Agadagba et al., 2023).

Importantly, the effects of PCS vary depending on the electrode placement, the region stimulated, and
its relation to other nervous system events. PCS can, for instance, induce processes associated with
spike-timing-dependent plasticity (STDP, Dan and Poo, 2006) (Figure 1-13B). Moreover, considering
the effects observed in TMS, it is conceivable that PCS could also be employed in paired associative
stimulation (PAS) (Classen et al., 2004), visual masking (de Graaf et al., 2014), or paired pulse
stimulation (PPS) (Hoffken et al., 2008), offering promising avenues for further exploration.
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Figure 1-13. Multiscale effects of pulsed current stimulation (PCS) on neural activity. (A) Hierarchical effects and
mechanisms of PCS at different neural organization levels: microscopic, mesoscopic, and macroscopic. Based
on Bestmann and Walsh (2017). (B) Synaptic plasticity mechanisms dependent on spike-timing and their
application to PCS. The upper diagram schematically illustrates the firing timelines of two connected neurons (t).
Postsynaptic neuron (gray lines) can fire before or after the presynaptic neuron (black lines), which can lead to
depression or potentiation between these cells. On the vertical axis (As) of the bottom plot changes in synaptic
strength are shown, while the horizontal axis (At) represents the timing difference between pre-synaptic and
post-synaptic spikes. When a pre-synaptic neuron fires shortly before a post-synaptic neuron (positive At), this
often results in potentiation of the synapse, as indicated by the red curve. Conversely, when pre-synaptic neuron
fires shortly after the post-synaptic neuron (negative At), depression occurs, represented by the blue curve.
Based on Figure 2A from Zaehle et al. (2010) and Figure 1 from Dan and Poo (2006).

Effects on Information Processing in the Visual System

PCS has been shown to significantly influence information processing in the visual system, with
effects observed at both the retinal and cortical levels. Sehic et al. (2016) reviewed the mechanisms
underlying the effects of PCS, particularly when applied transcorneally, and highlighted its
neuroprotective potential (Figure 1-9D). PCS enhances the production of neurotrophic factors such as
BDNF, CNTF, IGF-1, and FGF-2, which support the survival of retinal ganglion cells (RGCs) and
photoreceptors. It also promotes chorioretinal blood circulation, reduces inflammation by inhibiting
cytokines like IL-1p and TNF-a, and activates L-type voltage-dependent calcium channels, leading to
intracellular calcium influx. These pathways upregulate anti-apoptotic proteins (e.g., Bcl-2) while

downregulating pro-apoptotic proteins (e.g., Bax), contributing to improved cell survival.
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Additionally, PCS influences retinal proteins involved in neuronal signaling, metabolism, and immune

processes, further enhancing retinal function and neuroprotection.

Several studies have investigated the effects of PCS on retinal function and vascular responses. Cohen
(2009) demonstrated that prolonged pulse train stimulation can depress light-evoked responses in
RGCs and lead to transient recovery delays, highlighting potential challenges in overstimulation.
Conversely, Freitag et al. (2019) showed that PCS significantly enhances retinal vessel reaction to
flickering light, suggesting benefits for addressing ocular microcirculation dysfunction. Su et al.
(2022) reported that sinusoidal PCS at an optimal frequency of 20 Hz induces greater responsiveness
in retinal neurons compared to rectangular waveforms, while Ye and Chan (2023) found that aperiodic
PCS evoked higher spike rates and improved temporal precision in cortical responses, particularly at
high frequencies like 20 Hz. These findings emphasize the importance of parameter optimization for

retinal neuromodulation.

PCS also exerts notable effects on visual cortical responses. Ma et al. (2014) demonstrated that higher
current intensities and longer pulse widths during transcorneal PCS increased cortical activation areas
and hemodynamic changes, particularly in regions representing peripheral vision. Similarly, John et
al. (2013) found that anodal suprachoroidal stimulation with variable pulse parameters elicited faster
cortical responses and influenced activation thresholds through adjustments to interphase gap and
pulse duration. Sun et al. (2018) compared transcorneal PCS with visual stimulation, showing that
PCS elicited faster responses, with primary activation observed in the secondary visual cortex at

higher stimulation intensities.

The broader potential of PCS in neurorehabilitation has also been highlighted. Jaberzadeh et al. (2014)
demonstrated that anodal transcranial PCS enhances neuronal excitability through tonic and phasic
mechanisms, suggesting its applicability in visual system rehabilitation. These findings, coupled with
evidence of vascular, retinal, and cortical effects, position PCS as a versatile tool for restoring and
optimizing visual system function. By carefully fine-tuning parameters such as pulse shape,
frequency, and duration, PCS can be tailored to address specific clinical needs, including retinal

prosthesis support and the treatment of neurodegenerative visual disorders.

Application in Neurorehabilitation

PCS has demonstrated significant potential in the rehabilitation of the visual system, particularly when
used with transcorneal electrode placement. This technique has been effective in improving visual
function, preserving neural connections, and slowing the progression of vision loss across a range of
visual pathologies and conditions. However, the inconsistent terminology in the literature remains
problematic. While PCS applied via the cornea is frequently referred to as transcorneal electrical

stimulation, this term is often used inconsistently, encompassing protocols with varied electrode
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placements such as transorbital or transpalpebral stimulation. This lack of standardization complicates
direct comparisons and interpretations of therapeutic outcomes. For instance, studies by Fedorov et al.
(2011), Gall et al. (2010, 2011, 2016), and Sabel et al. (2011), which refer to their protocols as
"transorbital ACS," actually employ PCS with differing localizations (mostly periorbital, see Figure
1-9C) and parameters. Despite these inconsistencies, the therapeutic potential of PCS remains clear

and promising.

In addition to the clearly very interesting and clinically promising studies by Fedorov, Gall and Sabel,
for “around the eye” PCS also Morimoto et al. (2006) reported significant improvements in residual
retinal function, as measured by pupillary constrictions and phosphene thresholds, in patients with
retinal degeneration such as RP and cone-rod dystrophy. Fujikado et al. (2006) demonstrated
enhanced visual acuity in patients with nonarteritic ischemic optic neuropathy and traumatic optic
neuropathy (TON), highlighting its therapeutic potential for these conditions. Schatz et al. (2011)
found improvements in visual acuity and scotopic b-wave amplitudes in patients with RP, with better
outcomes observed in specific functional parameters. Stett et al. (2023) showed that stimulation
dose-dependently slows the progression of visual field area loss in RP, significantly reducing the

annual decline rates in treated eyes.

Furthermore, Kurimoto et al. (2010) observed increased chorioretinal blood flow at the macula and
midway between the optic disc and macula in healthy subjects, suggesting benefits for ocular
perfusion. Oono et al. (2011) demonstrated improvements in visual function in eyes with branch
retinal artery occlusion, particularly in long-standing cases. Xie et al. (2011) showed that stimulation
predictably activates the visual cortex and produces phosphenes, with perceived locations aligning
with stimulated retinal regions. Later, Xie et al. (2012) demonstrated that stimulation preserves the
retinotopic map in individuals with retinal degeneration, maintaining the connection between the

retina and primary visual cortex.

In rare conditions, Ozeki et al. (2013) reported sustained improvements in best-corrected visual acuity
six months after treatment in a patient with Best vitelliform macular dystrophy. Naycheva et al. (2012)
evaluated electrically evoked phosphene thresholds in healthy individuals and patients with retinal
diseases, finding higher thresholds in pathological cases, with the lowest thresholds observed at 20 Hz
across groups. Naycheva et al. (2013) also reported improvements in high-intensity flash sensitivity in

patients with retinal artery occlusion.

Among these studies, transcorneal electrode placement was used in the research by Morimoto et al.
(2006), Fujikado et al. (2006), Kurimoto et al. (2010), Xie et al. (2011, 2012), Oono et al. (2011), and
Ozeki et al. (2013). Schatz et al. (2011) and Stett et al. (2023) used a transpalpebral or combined
transpalpebral and transcorneal approach, while Naycheva et al. (2012, 2013) employed transorbital
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stimulation. These variations in techniques underscore the lack of standardization and consistency in
the naming conventions of stimulation protocols, which complicates direct comparisons and

interpretations of therapeutic outcomes.
Research Directions for Current Stimulation in the Visual System

Forms of current stimulation such as DCS, ACS, and RNS have been extensively studied regarding
their mechanisms and neurorehabilitation potential. PCS has also been investigated, though primarily
in the context of continuous stimulation rather than single pulses. To our knowledge, the response of
the visual system to single current pulses remains unexplored. Key aspects, such as the threshold for
phosphene detection under varying single-pulse parameters, behavioral and electrophysiological
response characteristics to phosphenes, and comparisons with responses to light stimuli, have not been
addressed. Furthermore, the potential of single current pulses to modulate the processing of visual

information from other stimuli has yet to be tested.

Furthermore, although many studies have simulated the induced electric field for various electrode
placements, a comprehensive analysis for single current pulses applied in a periorbital configuration -
where the current vector alternates between electrodes above and below the eyes - is lacking. This
configuration is particularly relevant for focusing the induced electric field at the initial stages of the
visual pathway, such as the eyeballs. However, it is equally important to understand how the induced
electric field behaves in the optic nerve and other brain regions. A comparison with configurations
where the reference electrode is placed on the occiput, rather than below the eyes, could provide
critical insights into how these variations affect the distribution and impact of the electric field on the

visual system and beyond.

Considering these gaps, we propose that a valuable direction for future research would be to study
PCS in the form of single pulses. Such research should aim to: (1) characterize the response of the
visual system to single pulses, (2) assess their potential to modulate visual processing, and (3)
evaluate their neurorehabilitation potential. Integrating exhaustive computer simulations of the
induced electric field into this experimental framework would provide a solid computational basis.
This approach could enhance our understanding of observed effects, improve the safety of participants

and patients during stimulation, and contribute to advancing the field of neurorehabilitation.

Finally, we strongly emphasize the need to establish a standardized nomenclature for stimulation
protocols, which should be based on two primary factors: (1) the location of the electrodes,
represented by a lowercase letter, and (2) the form of the applied current, represented by capital
letters. Additional details regarding specific parameters or unique aspects of a given protocol should

be described using full phrases rather than being incorporated into the abbreviation. This approach
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would enhance clarity, facilitate comparisons across studies, and minimize confusion in the literature.
For instance, in our study, if electrodes are placed over the eyebrows and on the cheeks, the
localization is referred to as periorbital (see Figure 1-9C). When pulses are used, the stimulation is
classified as PCS. Therefore, this setup can be described as periorbital PCS (pPCS). However, if we
wanted to refer to this stimulation more generally, without specifying the form of the current, we

could simplify it to pCS.

~ 56 ~



Aims of the Dissertation

The primary objective of this dissertation is to investigate PCS in the form of single pulses as a novel
approach to neuromodulation. This research aims to characterize the visual system's response to single
pulses, assess their potential to modulate visual processing, and evaluate their neurorchabilitation
potential. By employing a periorbital localization of electrodes, the study focuses on achieving
specificity of the induced electric field, targeting the eyeballs to elicit retinal phosphenes.
Additionally, exhaustive computational simulations of the induced electric field are integrated to
provide a solid framework for understanding the mechanisms of single-pulse PCS, ensuring safety and
precision during stimulation. This approach addresses critical gaps in the field and contributes to
advancing neurorehabilitation through innovative, targeted stimulation paradigms. Thus, this work is

structured around the following key objectives:
1. Development of the stimulation setup for inducing an electric field in the visual system
a. Conceptualization and evaluation of electrode locations and stimulation parameters

The setup focuses on periorbital PCS (pPCS), with electrodes placed on the skin
above and below the eyes, to achieve high specificity in targeting the eyeballs and
optic nerve. Proposed electrode placements, stimulation parameters, and current

forms will be optimized to maximize efficacy and minimize invasiveness.
b. Modeling and simulation of induced electric field

Computational models will be used to simulate the characteristics of the induced
electric field, considering periorbital electrode configurations, stimulation signals,
and parameters. These simulations will guide the optimization of the stimulation
setup and evaluate the impact of pPCS on the visual pathway and surrounding neural

regions, ensuring both efficacy and safety.

2. Experimental validation of the developed setup for modulating information processing in the

visual system
a. Dynamics of visual system responses to single-pulse periorbital current

The response of the visual system to single sinusoidal pPCS pulses will be compared
to LED flash stimuli. Behavioral data (e.g., reaction times to phosphenes or light
stimuli) and electrophysiological recordings (EEPs and VEPs) will be analyzed to

assess the dynamics of stimulation effects.
b. Effects of pre-stimulus single-pulse pPCS on visual information processing
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The influence of pPCS on visual information processing will be examined by
delivering single pulses immediately before visual stimuli. EEG-recorded VEPs will
measure differences in neural responses between conditions with and without

stimulation, shedding light on pPCS's modulatory effects on neural processing.
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Materials and Methods

Codebase

The codebase supporting this dissertation is available at https://github.com/piotrdzwiniel/nencki_phd.

The repository includes scripts for calculations, figure generation, data preprocessing, data analysis,
statistical inference, and results visualization, where applicable. The repository also contains some of
the more relevant files related in one way or another to the research carried out as part of the
dissertation, such as configuration files of the IEF. The repository does not contain raw and processed

data due to limitations on the size of files that can be stored on GitHub.

Conceptualizing the Evolution of Neuromodulation Technique

The evaluation of pPCS, delivered as single current pulses, serves as the core focus of this
dissertation. The following sections explore the location and type of stimulation electrodes, the
characteristics of the stimulation signal, and the methodology for simulating the induced electric field.

The objective is to propose and assess a novel approach to neuromodulating the visual system.

Location of the Electrodes

To maximize the specificity of the IEF in targeting the onset of the visual pathway, we aim to position
the electrodes as close to the eyeballs as possible. However, unlike previous approaches that
positioned stimulation electrodes around the eyes with a reference electrode on the occipital region of
the head (e.g., Lee et al., 2021a) or on the arm (e.g., Gall et al., 2016), our method will restrict the
placement of electrodes to the area around the eyes alone. Specifically, we will use a pair of electrodes
for each eye with one placed directly above the eyebrow and the other on the cheek below the eye
about the same distance from the eye. The line connecting the two electrodes will pass through the
pupil of the stimulated eye. The upper electrode will serve as the anode (+), while the lower electrode
will serve as the cathode (-). In total, four electrodes will be placed on the face, two for each eye, as
illustrated in Figure 2-1A. This also ensures that when oscillating currents are applied, whether as
single biphasic pulses, short segments of ACS, or RNS (Figure 2-1B), the IEF vector shifts between

the electrodes while remaining consistently perpendicular to the anterior-posterior axis of the eye.
Type of the Electrodes

We decided to use relatively small, self-adhesive semi-rectangular electrodes, measuring 15 x 20 mm
with rounded corners, commonly used for EMG recording (Spes Medica, Italy), to which clip-on

cables are attached. These electrodes are small enough to ensure high IEF specificity, and their
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rounded corners should minimize edge effects. The relatively strong adhesive allows them to remain
securely attached to the face for extended periods. Additionally, they are highly cost-effective
compared to electrodes with integrated cables. They are more affordable than disposable electrodes
and more hygienic than reusable ring or rubber electrodes embedded in saline-soaked sponges, which
require cleaning after each use. Proposed approach shortens the preparation time for stimulation,
reduces costs, and confines the impact of the IEF to the initial stages of the visual pathway. The
distribution of the electric field induced with such electrodes’ configuration was tested in a computer

model explained in the following paragraphs.
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Figure 2-1. Electrode placement and signal types for the proposed neuromodulation technique. (A) Electrode
placement for the new neuromodulation technique concept, showing the arrangement of electrodes around the
eyes. In this configuration, electrodes are positioned in pairs for each eye, with the upper electrodes (red)
functioning as anodes (+) and the lower electrodes (blue) serving as cathodes (-). The electrodes used are
rectangular, measuring 15 x 20 mm, with rounded corners. These self-adhesive electrodes are typically used for
recording EMG signals but are also suitable for current stimulation due to their secure adhesion to the skin. This
setup focuses the induced electric field (IEF) on the eyeball and optic nerve (in theory), ensuring specificity of
stimulation while minimizing invasiveness. The dashed lines represent the connections between the electrodes
and the stimulation device. (B) Examples of signals applied during the stimulation, including pulsed current
stimulation (PCS), alternating current stimulation (ACS), and random noise stimulation (RNS). The top plot shows
a single current pulse (PCS) where red indicates current flowing from the anode to the cathode, and blue
indicates the reverse flow. The PCS presented is a single 100 uA biphasic sine pulse of 100 ms, or a single 10

Hz sine period — such impulses were used in described experiments.

Properties of the Stimulating Current

Any current paradigm, PCS, ACS, RNS, or DCS with different characteristics, can be used in the

periorbital stimulation. The key feature of our approach lies in the use of very brief stimulations, on
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the order of milliseconds, either on their own or directly preceding another sensory stimulus. Thus, in
the computer simulation and in experimental studies we employed single biphasic sinusoidal pulses.
The exact amplitude and duration of impulses will be described below, in the detailed methodology of
each experiment. Below we present general considerations about current density and total charge -

two key factors directly impacted by amplitude and duration of impulses.

Current density refers to the amount of electrical current passing through a given surface area,
typically under the electrode, and is a measure of how concentrated the current is. Total charge, on the
other hand, represents the cumulative amount of electrical charge delivered over time to the tissue,
reflecting the overall energy transferred during the stimulation. Both are critical for ensuring the
safety and effectiveness of current-based stimulation. As demonstrated by McCreery et al. (1990,
cited in Nitsche et al., 2003b), current densities below 25 mA/cm? do not cause brain tissue damage,
even with high-frequency ACS applied over several hours. On the other hand, in the context of total
charge, brain tissue damage has been observed at a minimum threshold of 216 C/cm? below the
stimulation electrodes (Yuen et al., 1981, cited in Nitsche et al., 2003b). Notably, these thresholds are
not at all reached in stimulation paradigms. During typical tDCS using 1 mA current and 35 cm?
rectangular electrodes, the current density is just 0.02857 mA/cm?, and maximum total charge of
0.022 C/cm? (Nitsche et al., 2003b). However, during electrical stimulation, current distribution at the
electrode-tissue (skin) interface is not uniform, with high concentration of current density at the
electrode edge (Minhas et al., 2011) which may induce a risk of focused damage. There are also
subjective sensory experiences to consider. Even with these lower tDCS parameters, users can
experience discomfort during stimulation, such as pinching, burning, or even pain under the
electrodes. It may be advisable to prepare the subject's skin by applying lidocaine cream to locally
anesthetize the area under the stimulation electrodes. However, even with local anesthesia, pulsed or
alternating current stimulation can also cause facial muscle spasms, which may cause discomfort
despite the absence of pain. This discomfort is often linked to high impedance, which can result from
poor contact between the electrodes and the skin surface, or may be an effect of the above mentioned

edge effects.

The current density and total charge parameters should be in advance estimated, and here we present it
for an example single sinusoidal biphasic current pulse, with a peak-to-peak amplitude of 100 pA and
a total duration of 100 ms for both phases (i.e., one period of a 10 Hz sine wave), applied using 15 x
20 mm self-adhesive electrodes - one of the pulses we use in our research. Current density can be

calculated using the formula:

=
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where [ is the current in milliamperes (mA) and 4 is the electrode area in square centimeters (cm?). To
calculate the current density (J), we must use the peak amplitude of the pulse (/,.,), rather than the
peak-to-peak amplitude. For symmetric biphasic pulses, the peak amplitude is half of the peak-to-peak
value. The calculation for the total charge density of a single sinusoidal biphasic pulse can be

determined based on the formula:

X
Q _ IRMS thalf—phase

area A

where, Q... stands for the total charge per unit area, which can be expressed in microcoulombs per
square centimeter (uC/cm?). I, refers to the root mean square (RMS) current, which accounts for the
effective value of the current during a sinusoidal waveform. For sinusoidal waves, I is calculated as
the peak current amplitude divided by the square root of 2. Next parameter, ;. u. T€presents the time
duration for one phase of the sinusoidal current, which is half of the total pulse duration. Finally, the 4
is the area over which the current is applied, typically measured in square centimeters (cm?). For a
single sinusoidal biphasic pulse with a peak-to-peak amplitude of 100 pA and a total duration of 100
ms, the RMS current is calculated as approximately 35.36 pA. Using this value, the total charge
delivered during one phase of the pulse (lasting 50 ms) is determined to be 1.77 uC. When distributed
over an electrode area of 3 cm?, the total charge per unit area is approximately 0.59 pC/cm?, with a
corresponding current density of approximately 0.016 mA/cm?. The exact calculations were included
in the code repository. Notably, such a pulse produces a current density of about half the current
density compared to a typical tDCS session with 1 mA current and 35 cm? electrode’s surface (0.029
mA/cm?). The total charge for a standard tDCS session, such as the one described by Nitsche et al.
(2003b), was reported to be 0.022 C/cm’. The authors did not specify the duration of a typical
stimulation session, however it can be estimated as a quotient of an accumulated and momentary
current density (0.022 C/cm? =+ 0.000029 A/cm?), which equals 758.62 seconds. Almost five times less
electrical charge would be delivered to the tissue for the same duration of the stimulation session with
100 ms 100 uA pulses applied via 3 cm? electrode (0.00448 C/cm? vs. 0.022 C/cm?). The relationships
between electrode size, current intensity, and current density were calculated for the following

parameter ranges for sinusoidal biphasic current pulses:

e Pulse current density (mA/cm?) for current amplitudes ranging from 0.0 to 0.5 mA and

electrode areas from 0 to 5 cm?.

e Pulse total charge (uC) for current amplitudes ranging from 0.0 to 0.5 mA and pulse durations

from 0.0 to 0.5 seconds.

e Pulse total charge per unit area (uC/cm?) for charges ranging from 0 to 50 uC, electrode areas

from 0 to 5 cm?, and number of pulses (n) ranging from 0 to 1000.
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The results are presented in Figure 3-1. Safety and non-invasiveness should increase further with the
increase of the IPIs while maintaining the stimulation time, and by combining the application of single

pulses with sensory stimuli.
Computer Simulations of the Induced Electric Field

Simulation Framework

In order to characterize the IEF for selected periorbital stimulation parameters, we performed
computer simulations of IEF using the SimNIBS 4.0.1 software (Thielscher et al., 2015). SimNIBS is
an advanced, open-source software package designed for simulating electric fields in the human brain
during non-invasive brain stimulation techniques such as TMS and tES. SimNIBS translates the input
parameters of tissue conductivity, stimulation settings, and structural head models into electric field
distributions through a series of computational steps. The software uses head models from MRI scans
(individual or templates) to create a highly accurate structural representation of the brain, including
key tissues such as the scalp, skull, cerebrospinal fluid (CSF), gray matter (GM), and white matter
(WM). Once the structural model and tissue conductivity profiles are established, SImNIBS applies
the user-defined stimulation parameters, such as electrode placement and current intensity. Using
finite element methods (FEMs), the software then solves the Maxwell equations to calculate the
resulting electric field distribution within the brain. This process allows for precise predictions of the
electric field’s magnitude and direction across different brain regions, providing valuable insights into

the potential effects of the stimulation.

In our IEF simulations, we focused primarily on the distribution of the electric field during electrical
stimulation, assuming the size and location of the stimulation electrodes as described earlier in the
dissertation - specifically, four 15 x 20 mm electrodes positioned above and below the eyes. The
electrode placement was selected to ensure proximity to the eyeballs while avoiding possible
interference with the Fpl and Fp2 electrodes during simultaneous EEG recordings (Figure 2-2). Our
primary interest was in determining the extent to which the IEF would affect the eyeballs, optic nerve,
and the CNS. We hypothesized that the greatest impact would occur in the eyeballs, with a lesser
effect on the optic nerve, and the least influence on the rest of the CNS. The simulations were
conducted for a specific moment during an example current stimulation, focusing on the first
amplitude peak of a single sinusoidal biphasic current pulse with a peak-to-peak amplitude of 100 pA
and a duration of 100 ms. At this specific moment during the application of a single current pulse, the
electrodes above the eyes carried a current of +50 pA, while the electrodes below the eyes carried a

current of -50 pA.
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Figure 2-2. Electrode configuration for periorbital current stimulation. (A) Anterior view showing the placement of
four 15 x 20 mm rectangular electrodes positioned above and below the eyes for the stimulation setup. The blue
(Channel 1 anode) and yellow (Channel 2 anode) electrodes are positioned above the eyes, while the red
(Channel 1 cathode) and green (Channel 2 cathode) electrodes are placed below the eyes. EEG electrode
locations (e.g., Fp1, Fp2) are marked for reference to ensure non-interference during potential simultaneous EEG
recordings. (B) Superior view illustrating the positioning of electrodes relative to the brain structure. (C) Table
summarizing the electrode configurations, including current values, electrode positions (in y, z, and x

coordinates), and electrode shape details.

Structural Data

In our study, the widely available ICBM Average Brain (ICBM152) dataset, expressed in MNI space
(MNI152), was used as a head volume in which to simulate the IEF. This dataset, which is a
standardized, averaged T1 structural image of 152 healthy subjects, provides a robust reference model
for conducting simulations in healthy individuals (McConnell Brain Imaging Centre, 2024). This
structured data is available in SImNIBS 4.0.1 software, both in a raw form and after segmentation to
different tissue types (e.g., gray and white matter, cerebrospinal fluid, skull, scalp, and eyeballs).
Standard segmentation as offered by the MNI152 head model is based on the charm tool (Puonti et
al., 2020). Segmented, volumetric data (in NIfTI format) was translated into a mesh, (*.msh) files
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which was a final format used for performing computer simulations of the IEF. The conversion was

done using the nii2msh tool, developed by the SimNIBS team and included in the software package.

Acquisition of T1 and/or T2 images

Performing segmentation and meshing

Performing computer simulations of the induced electric field

Figure 2-3. General pipeline for induced electric field (IEF) simulations using MRI data. (A) T1 and/or
T2-weighted MRI images, which serve as the basis for creating structural models of the head. T1w images are
essential for brain segmentation, while T2w images can enhance skull and cerebrospinal fluid (CSF)
segmentation. T1w images are typically acquired at low readout bandwidths to maximize signal signal-to-noise
ratio (SNR). This, however, may displace spongy bone and fat due to chemical shift artifacts, complicating
segmentation. To address this, T1w images should be acquired with fat suppression techniques like selective
water excitation. Conversely, T2w images, acquired at high readout bandwidths, offer cleaner contrast between
CSF and compact bone, making them preferable for skull segmentation. For detailed sequence parameters refer
to Nielsen et al., 2018. (B) Segmentation and meshing of MRI data. Anatomical structures such as gray matter
(GM), white matter (WM), skull, and CSF are segmented, and the resulting data is converted into a computational

mesh. This mesh provides the geometric basis for finite element method (FEM) simulations. Segmentation of

~ 65 ~



NIfTI volumetric data was performed using the SimNIBS tool charm, while meshing the data was accomplished
using the nii2msh tool. Simulation results can then be converted back into NIfTI format using the msh2nii tool,
also part of the SimNIBS suite. For more detailed information on the segmentation and meshing pipeline, please
refer to Puonti et al. (2020). (C) FEM-based simulation of the IEF. Using the meshed head model, FEM is applied
to calculate the distribution of the electric field across different tissues during non-invasive brain stimulation,
providing insights into how current flows through the head for given stimulation parameters. The simulations are
performed using the SimNIBS software (Thielscher et al., 2015).

Selection of Tissue Conductivity Values

The tissue conductivity values selected for computer simulations of the IEF (see Table 2-1) were
different from those set by default in SImNIBS. The detailed critique of these default values is
included in the appropriate Discussion subsection. The Swiss ITIS Foundation's database was chosen
as a reliable, continuously updated source which specializes in providing various human tissue
parameters, including conductivity for different frequency ranges (Hasgall et al., 2022). More
specifically, we used conductivity values for the lower frequency range (up to 1 MHz) which are
typically used for electrical brain stimulations (Swiss ITIS Foundation, 2024). It is important to clarify
how the conductivity values for the scalp and eyeballs were determined. In SimNIBS, the "Scalp"
parameter represents the conductivity for all tissues from the skin surface to the bone, with a default
value set at 0.465 S/m. However, this default setting does not differentiate between the various layers,
such as skin, fat, connective tissue, and muscle outside the skull. To address this, we calculated an
averaged conductivity value for these tissues based on ITIS data, resulting in 0.1915 S/m -
approximately half the default value used in SimNIBS. In addition, SimNIBS does not distinguish
between the individual components of the eye, which are represented by the sum parameter "Eye
balls”. Therefore, we have averaged the electrical conductivity of the individual eye components to
obtain a value of 0.9323 S/m for the eyeballs parameter. This is almost double the default value in
SimNIBS software, which is 0.5 S/m. Conductivity values were taken for various parts of the eye,
including aqueous humor, choroid, ciliary body, cornea, iris, lens, retina, sclera, and vitreous humor.
Since vitreous humor constitutes approximately 80% of the eye’s volume (Azhdam et al., 2020), we
used a weighted average to calculate the overall conductivity of the eyeball. We assigned a weight of
0.8 to the vitreous humor and 0.2 to the average conductivity of the remaining parts of the eye,
ensuring a more accurate representation of the eyeball's overall conductivity. The following formula

was applied:

(w, X0 W%, )
vitreous humor vitreous humor. other other.

(o) =
eyeballs 2
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where o, represents the conductivity of the eyeball, W, eous mumor 1 the weight of the vitreous
humor, 6,;,eous mmor 1S its conductivity, W, is the weight of the other components of the eye, and g,,,,

represents their average conductivity. This calculation resulted in:

s _(0.8x2.16 S/m)+(0.2x0.6835 S/m)
eyeballs 2

= 0.93235/m

After verifying the default conductivity parameters in SimNIBS and selecting alternatives as
described above, we moved on to declare the characteristics of the stimulation electrodes, their

location and the parameters of the applied electric current.
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Table 2-1. Conductivity values for various tissues. The second column contains conductivity values for low
frequencies up to 1 MHz, while the third column lists the default conductivity values in the SimNIBS software,

which are not specifically limited to low frequency ranges.

Tissue Conductivity (S/m)
Swiss ITIS Foundation SimNIBS
Brain (white matter) 0.348 0.126 (White Matter)**
Brain (gray matter) 0.419 0.275 (Gray Matter)**
Brain (cerebrospinal fluid) 1.880 1.654 (CSF)**
Skull (cancellous) 0.100 0.025 (Spongy Bone)**
Skull (cortical) 0.006 0.008 (Compact Bone)**
Skull 0.018 0.010 (Bone)**
Muscles 0.461 0.160 (Muscle)**
Blood 0.662 0.600
Fat 0.078
Connective tissue 0.079
Skin 0.148
Scalp 0.191* 0.465
Eye (cornea) 0.620
Eye (sclera) 0.620
Eye (iris) 0.461
Eye (choroid) 0.662
Eye (vitreous humor) 2.160
Eye (lens) 0.345
Eye (ciliary body) 0.461
Eye (aqueous humor) 1.880
Eye (retina) 0.419
Eye 0.932* 0.500 (Eye balls)**

S/m - siemens per meter. * - these values were calculated on the basis of other values (see text for more details).
** - the parameter names of these values in SimNIBS differ from those in the first column of the table (the names

are given in parentheses after the value where the name differs).
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Other Settings and Simulations Execution

The electrode placement and stimulation parameters used in the simulations were previously
described and are shown in Figure 2-2. Conductivities for most tissues were provided in the previous
section. For both the electrode material and the conductive gel layer beneath the electrodes, a
conductivity of 1 S/m was assumed. In the simulations, the focus was primarily on the magnitudes of
the electric field (V/m) and current density (A/m?), but we also looked at the voltage distribution at
the skin surface for different timestamps of a single sinusoidal biphasic current pulse. Detailed
information on the implementation and technical aspects of the IEF simulations based on FEMs can
be found in publications by the SimNIBS software developers. For further insights into the physical
assumptions and programming details, please refer to works by Windhoff et al. (2013) and Thielscher

etal. (2015).

Processing and Analysis of Simulation Results

The simulation process produced a *.msh (mesh) file containing multiple layers that represent both
tissue types and simulation outcomes. From these results, we extracted key data, including magnitude
of the IEF (V/m) and magnitude of the current density (A/m?) for the gray matter, white matter, and
eyeballs using scripts written in Python. The *.msh file was then converted to a *.nii.gz (volumetric)
files using the msh2nii tool developed by the SimNIBS team. This conversion transformed the meshes
into volumetric data, enabling further processing, analysis, and quantification. Mango software
(Research Imaging Institute, 2024), a tool used for visualizing, processing and analyzing
neuroimaging data, was employed to create region of interest (ROI) masks on the structural MNI152
data, representing the eyeballs, optic nerves, and the rest of the brain (Figure 2-4). After loading the
* nii.gz file with the simulation results into Mango, the ROI masks were applied, and volumetric
statistics were calculated for the eyeballs, optic nerves, and the rest of the brain. ROI-based
volumetric data processing, analysis, and visualization were also performed using scripts written in
the Python programming language. When discussing the results, we will present and discuss both
surface and volumetric results. In the context of the analyses, we examined how IEF is affected by the

shape, size and location of stimulating electrodes.
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Figure 2-4. Visualization of regions of interest (ROIs) in the MNI152 template space. (A) The structural MRI
image in the MNI152 template space with overlaid ROIs representing different anatomical structures. The ROls
highlight the eyeballs in red, the optic nerves in green, and the rest of the brain’s white and gray matter in blue.
The three orthogonal views (axial, sagittal, and coronal) provide a comprehensive visualization of these regions.
(B) A 3D surface rendering of the same ROIls, showing the eyeballs and optic nerves prominently on the ventral
view of the brain, providing spatial context and anatomical relationships in a surface model. The renders were
realized using the mayavi library in Python. These ROls were then used in analyses of the characteristics of the
induced electric field (IEF) in each of the three specified areas.

Experimental Studies

Overview

As part of this dissertation, we describe two experimental studies in which we verified non-invasive

periorbital pulsed current pulse stimulation (pPCS) in a form of single pulses.

1) In the first study, we administered single sinusoidal biphasic current pulses of varying amplitudes
and durations, as well as LED light flashes, each administered separately. Participants responded to
each stimulus type independently by pressing designated keys on a computer keyboard, and the EEG

signal was recorded throughout the experiment.

2) In the second study, single sinusoidal biphasic current pulses were administered prior to the

presentation of a visual stimulus in a form of checkerboard pattern reversal (CPR) to modulate the
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processing of information related to that stimulus. In this study, participants did not provide

behavioral responses; instead, we focused solely on analyzing the EEG signal.

Both studies utilized a largely similar hardware configuration, participant preparation methods, EEG
recording parameters, stimulation protocols, and data processing and analysis techniques, with only
subtle differences between them. Efforts were made to minimize redundancy in describing the

methodology for each study wherever possible.

Ethical Approval

The experiments conducted with human subjects described in the dissertation complied with the
principles of the Declaration of Helsinki and were approved by the Ethics Committee of the
University of Warsaw (application number: 27/2017) and the Bioethics Committee at the Nicolaus
Copernicus University in Torun, Collegium Medicum in Bydgoszcz (application number: KB
926/2018).

Recruitment and Preparation of Participants

Participants for each study were recruited via an online questionnaire, which provided general
information about the study and was designed to select individuals who met the specified criteria.
Exclusion criteria included being under 20 or over 40 years of age, having visual field impairments,
psychiatric or neurological disorders, a history of epileptic seizures, head injuries with loss of
consciousness, dependence on psychoactive substances, implanted electronic devices, pregnancy, or
cancer. Additionally, participants were instructed to refrain from consuming caffeine for six hours and

psychoactive substances for 24 hours before the session.

Upon arrival at the laboratory, before the experiment, participants were informed about the study’s
purpose, exact course of the experiment, and provided with an informed consent form. They were also
advised that they could withdraw at any time without providing a reason. Participants sat in front of
the procedural computer screen, where different tasks or stimuli were presented depending on the
study they were involved in. In the first study, participants responded to LED flashes and to
phosphenes they might experience during pPCS. In the second study, subjects observed CPRs
displayed on the screen, but did not provide behavioral responses. The EEG signal was recorded,

pPCS was applied, and visual stimuli were presented in each of the three studies.

The skin was cleansed using 70% ethanol and further prepared with NuPrep peeling gel (Weaver and
Company), with special attention to the areas where the stimulation (and EEG) electrodes are placed
on the spots with high density of sebaceous glands. Next, an EEG cap was fitted, with the number of

active electrodes varying depending on the specific experiment. Contact between the electrodes and
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the scalp was maintained using SuperVisc conductive gel (Brain Vision Solutions). Finally, the
stimulation self-adhesive electrodes were attached to the designated areas on the face. The entire
preparation process took approximately one hour. Participants were then given at least five to ten
minutes to adjust their vision in a darkened room before the procedure began. We are talking here

about the first phase of dark adaptation, the predominantly cone phase (Longstaff, 2002).

Hardware Configuration

A hardware configuration was employed that allowed for the simultaneous administration of current
stimulation, visual stimulation, and EEG signal recording (Figure 2-5). This setup was used across all

experiments, with minor hardware and software modifications specific to each experiment.
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Figure 2-5. Diagram and description of the hardware configuration used in the experiments. The DC-Stimulator
MC (neuroConn, GmbH) (A) was responsible for delivering current stimulation to the participants via channels 1
and 2, which administered the stimulation through four self-adhesive electrodes positioned around the eyes.
Channel 3 transmitted the stimulation signal to the EEG amplifier (G) for event marking during EEG processing,
while channel 4 sent TTL-like pulses to the Arduino module (D). Opto-isolators (B, C) ensured electrical isolation
between the stimulator, EEG amplifier, and Arduino module, protecting the participants and equipment from
electrical interference. The Arduino module converted the TTL-like signals into virtual keystrokes, transmitted to
the procedural computer (E), which controlled the progression of the experimental procedure and triggered the
visual stimuli. In the first study, these stimuli were flashes from an LED lamp mounted on the top edge of the
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procedural computer screen (not shown on the diagram to preserve its readability), while in the second and third
studies, they were reversals of a checkerboard pattern on the computer screen. A photodiode (F) was attached to
the procedural computer screen to detect checkerboard pattern reversals (CPRs) and send the signal to the EEG

amplifier for precise event marking.

Current Stimulator

A DC-Stimulator MC (neuroConn, GmbH), running a customized stimulation program, was
responsible for delivering current stimulation to the participants. It also transmitted information about
the applied stimulation to the EEG amplifier and indirectly controlled the visual stimulation and
overall course of the experimental procedure. Custom stimulation programs were prepared in Python,
saved in *.mat format, and then converted to *.bfs format using a dedicated proprietary tool provided
by neuroConn before being loaded into the stimulator. The sampling frequency of the stimulator, for
both analog-digital and digital-analog conversion, was 16 kHz. The stimulator was equipped with four
channels, each featuring two unipolar outputs (Figure 2-5A). The first two channels were used to
administer current stimulation via four self-adhesive 15 x 20 mm semi-rectangular EMG electrodes
(Spes Medica Spa), with one pair allocated to each eye. For each pair, one electrode was positioned on
the cheek below the eye (cathode) and the other on the forehead above the eyebrow (anode). The
accepted skin-to-electrode impedance threshold was 50 kQ. The third channel transmitted the
stimulation signal to the EEG amplifier, which was later used during EEG data processing for event
extraction. The fourth channel sent a TTL-like signal, which, when processed through an Arduino
module, advanced the experimental procedure on the procedural computer and triggered the visual
stimuli. In the first study, these stimuli were flashes from an LED lamp, while in the second study,
they involved checkerboard stimulus reversals CPRs (on a computer screen). Signals from the third

and fourth channels passed through optoisolators before reaching the target devices.
Opto-isolators (Optocouplers)

For safety reasons, the connection of the current stimulator to the EEG amplifier and the Arduino
module was realized via opto-isolators. An opto-isolator (or optocouplers) operates by using a LED to
transmit received electrical signals as light impulses to a photodetector, effectively allowing electrical
isolation between its input and output while enabling signal transmission in electronic circuits. The
passive opto-isolator was placed between the current stimulator and the EEG amplifier to decouple the
systems physically, thus protecting the participants and the recording equipment from electrical
interference or overvoltage (Figure 2-5B). This isolation also prevented the EEG amplifier from being
saturated by the stimulation signal. Active optoisolators, powered by an external 9V battery, were

used to transmit TTL-like control signals to other components, such as the Arduino module, also
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allowing the stimulator to be physically isolated from the rest of the devices included in the hardware

configuration (Figure 2-5C).
Arduino Module

The Arduino Micro module was programmed to process TTL-like pulses from the stimulator and
convert them into emulated keystrokes on a virtual keyboard (Figure 2-5D) and send them via USB
to the procedural computer, where they controlled the progression of the experimental protocol and
initiated visual stimuli. In the first experiment, a signal from the Arduino module controlled the
experimental procedure on the procedural computer and triggered flashes of light in the LED lamp. In
the second experiment, the Arduino module controlled the procedure by reversing the checkerboard
pattern displayed on the procedural computer screen, which served as the light stimulus in these
studies. The module played a crucial role in synchronizing electrical stimulation with visual stimuli,
ensuring that both types of stimulation occurred in a precisely timed sequence, and the procedure

proceeds accordingly in time.
Procedural Computer

The procedural computer used in the study was a customized Lenovo Ideapad 700 laptop running
Windows 10, equipped with an Intel i7-6700HQ 2.6 GHz CPU, 16 GB of DDR4 RAM, a GeForce
GTX 950M GPU, and a 256 GB SSD. The laptop had a maximum screen resolution of 1080p, with a
screen size of 340x190 mm and a refresh rate of 60 Hz. The extent of the field of view (FOV)
engaged during the experimental procedures by the screen was calculated using the following
formula:

0 =2 X arctan(i) X 180

2x T

where @ is the FOV in degrees, y is the dimension of the screen (width or height) under consideration,
and x is the distance from the participant to the screen. The arctan function calculates the angle in
radians, while the factor /80 / @ converts this angle from radians to degrees. Given that the
participants' distance from the screen was set to 80 cm in each study, the FOV of the procedural

computer screen encompassed approximately 24.0 by 13.5 degrees.

In each study, the Arduino module transmitted signals that directed the computer’s behavior through
custom Java programs run on this computer. These programs were responsible for displaying the
experimental procedure on the screen, capturing participants' responses, and presenting the visual
stimuli (Figure 2-5E). As a reminder, the control of the procedural computer operated as follows: the
TTL-like pulse generated by the stimulator — passed through an active optoisolator — was

transmitted to the analog input of the Arduino module — where the software translated the input
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current into an emulation of pressing a specific button on a virtual keyboard — which was sent to the
procedural computer via a USB cable — and a program written in Java on that computer responded
accordingly to these virtual button presses — allowing the experimental procedure to progress. As a
result, the stimulator was the stimulating-coordinating unit, and its signals determined the course of

the entire experiment.

Synchronization of Visual Stimuli

In the first study, a four-diode LED lamp mounted directly above the screen of the procedural
computer was used to deliver the flash stimulus. The LED lamp was triggered by a TTL-like signal
from the current stimulator via the Arduino module and the same TTL signal was sent to the EEG
amplifier. In the second study, a photodiode was attached to the computer screen to detect the exact
moments of each checker-board pattern reversal (Figure 2-5F). The photodiode then sent this
information to the EEG amplifier. Recorded TTL and photodiode signals were used off-line to

precisely segment the EEG data into epochs, aligned with the onset of the visual stimuli.
EEG Amplifier

EEG data were recorded using the actiCHamp EEG amplifier (Figure 2-5G), actiCAP EEG caps,
Ag/AgCl active electrodes, and Recorder software (all from Brain Products, GmbH). The EEG
amplifier captured bioelectrical signals from the participants’ heads through 64 active electrodes in
the first study, and 128 in the second study, with the ground electrode placed at Fpz and the reference
electrode at FCz. This setup produced raw EEG data containing 63 or 127 channels of bioelectric
activity from the brain (reference electrode was automatically excluded). Additionally, the system
recorded three auxiliary signals: two from the current stimulator and one from the photodiode, all of
which were used for marking events in the EEG signals. These signals were crucial for accurately
aligning the EEG data with the experimental stimuli, allowing for the precise extraction of evoked
responses. The sampling frequency for all channels was set to 1000 Hz. Hardware and software filters
included a low-pass filter at 280 Hz, with an accepted skin-to-electrode impedance threshold of 10

kQ.
Data Acquisition, Processing, Analysis and Visualization

In the first study, behavioral data and EEG data were collected, while in the second study only EEG
data were collected. Data were processed, analyzed, and visualized primarily using the Python
programming language and various libraries, including Pandas, NumPy, SciPy, Matplotlib, Seaborn,
MNE (Gramfort et al., 2013; Jas et al., 2018), and more. We also made some use of MS Excel to store
and process the selected data and JASP (JASP Team, 2024) to analyze it and make statistical

inferences about it.
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Study 1: Dynamics of Visual System Responses to Single-Pulse Periorbital
Current and LED Stimulation

Aims of the Study

The primary objective of the first study was to establish a profile of the human nervous system’s EEG
response to periorbital electrical impulses (electrically evoked potential, EEPs), and to compare these
with the visual evoked potentials (VEPs) elicited by LED flash stimulation. A secondary goal was to
determine the thresholds for phosphene perception and the response times during single-pulse
stimulation. Phosphenes are subjective light sensations experienced during electrical (or magnetic)
stimulation, caused by activation of cells of the visual pathway and as such they offer a way to

behaviorally estimate the parameters of effective electrical (or magnetic) stimulation.

Participants and their Preparation for the Experiment

The study included 20 healthy volunteers (10 females and 10 males) with an age of 24.9 + 1.68 years
(mean + SEM) on the day of the experiment (23.8 + 1.80 for females; 25.9 + 1.56 for males). Two of
the female participants were left-handed. Two of the male participants had myopia, including one
uncorrected. Three of the female participants had myopia, including one uncorrected. In this study,

there was no split into groups - all participants were participating in the same experimental procedure.

Participants were prepared for the experiment as described above, except that a small amount of Emla
5% cream (Aspen Germany, GmbH), containing lidocaine and prilocaine (25 mg/g + 25 mg/g), was
applied to the skin at the stimulation electrode sites. A drop of less than half a centimeter in diameter,
with an approximate volume of 0.065 cm? was placed on each spot. This was done to gently
anesthetize the skin under the stimulation electrodes during the experiment, isolating participants from
potential cutaneous sensory experiences that might occur during stimulation. This was crucial to
ensure that participants' behavioral responses were based on the phosphene experience induced by the
current pulse, rather than any accompanying skin sensation, which could lead to type I errors in

responses (i.e. falsely reporting a phosphene experience due to skin sensations).

Additionally, during this study, we demonstrated the phosphene sensation to participants while
checking impedance under the stimulation electrodes, ensuring they understood what to expect before

beginning the main experimental task.

Experimental Procedure

The experimental procedure is detailed and described in Figure 2-6. After preparing the participant for
the study and demonstrating the impression of phosphene, the experimental procedure was started.

First, the participant was presented with five boards with information on what the experiment is about
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and how it will be conducted. The entire experiment was divided into six parts (procedure blocks).
Each part consisted of 15 segments consisting of 10 trials dedicated to one of 10 experimental
conditions, i.e. visual stimulation or current stimulation in the form of a current pulse of one of nine
combinations of duration (10, 50, 100 ms) and amplitude (100, 200, 300 pA, peak-to-peak). The
stimulation conditions within each segment were delivered with pseudorandom order, the same for all
participants. In total, each experimental condition was repeated 15 times within a single experimental
block, and 90 within the whole experiment. The blocks were separated by 3-minute periods during
which the participant could rest with eyes closed and mentally recuperate before the next block.

During these rest periods we also recorded the EEG signal.

A single trial of the experimental procedure (Figure 2-6D) was dedicated to a single experimental
condition and lasted between 4 and 4.5 seconds. It consisted of three main parts: the “fixation”, which
lasted 1 s; the “cue” part, which lasted 1-1.5 s, during which the participant received a hint about what
kind of stimulation to expect — visual or electrical. When the cue was an LED symbol, the stimulation
was a LED flash. The lightning symbol announced the application of a current pulse. The cue
symbols were surrounded by an orange square. The transition of the square color from orange to green
indicated the start of the stimulation part. This period lasted 2 s, during which the participant was
subjected to a visual or electrical stimulus according to pseudorandom order. Stimulation always
started at 1 s timestamp of this part and lasted 100 ms for the visual stimulation and for 10, 50 or 100
ms for current stimulation. The participant's task was to press the left arrow key on the keyboard when
the LED flashed, or the right arrow key when the participant experienced a phosphenic sensation. The
participant was allowed to give answers throughout the expectation part, after the stimulus onset. In
total, a single block lasted an average of 638.9 £ 1.0 seconds, or approximately 10 minutes and 39
seconds. Including breaks between blocks, the entire experiment ideally took less than an hour and a

half.

~77 ~



= L[ i 1 i
Eyes open Eyes Chisd

Frocedure

Bt stmalalion

E LY — [
x - |
B 1 4
o £l 1
3 1k i =
1 =
i 2
i 2
-
i "
i = !
H * {
i i |
i 1% IR W I | | i
: , e : | ] F 1 L L] [ | | L] [ ] | L |
. & |y | 1l 1 [ 1 ] l LN ! [ 3
i 3 1 | | | | |
: x LS. ] -|T .I - | 1 4 4 3
: F =i | 1 1 f - - -
! d =i | A ] 4 1 1 | , — N ERRN. | =
i O 0 100 0 W IDI O 01 0 %W MM 0 D I00 O S0 MM 0 108 0 SO LMD 0 S5 100
i
L - i . i BT . * ks

| | I |
FLLERE ) 10001500 ms 1000 e B0l ms
i

stmulateon

Thimas

Figure 2-6. Schematic representation of the experimental procedure in the first study. (A) The experimental
procedure was divided into six blocks of about 10 minutes each, each followed by 3 minutes of rest with eyes

closed and simultaneous recording of the EEG signal. (B) Each block consisted of 15 segments, and each
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segment included 10 trials with shuffled experimental conditions: visual stimulation using an LED flash (type 0) or
application of a current pulse of one of nine combinations of length and amplitude (types 1-9) (C). (D) Each
individual trial, consisted of three parts: 1) a 1000 ms period of fixation on a white fixation point displayed in the
center of the screen; 2) a 1000 and 1500 ms cue period informing the subject what type of stimulation to expect,
i.e. an LED flash or application of a current pulse; cue icons (LED or a lightning) were surrounded by an orange
square; 3) a color change from orange to green indicated the start of the stimulation period which lasted 2000
ms; the stimulus would start at 1000 ms and last 100 ms in case of visual stimulation and 10, 50 or 100 ms in
case of current stimulation. The participant was asked to give keyboard responses to perceiving an LED flash

(left arrow) or experiencing phosphenes during current stimulation (right arrow).

Data Processing

Behavioral Data

Behavioral data were collected using a procedural computer that ran the previously mentioned Java
program. This program recorded information about the progress of the procedure in real-time, writing
it to text files. The recorded data included the time, index, type, and part of the current trial, as well as
any responses given by the participant, including the time and type of those responses. The example
of such data is shown in Figure 2-7. During analysis, the behavioral responses were classified as
“valid” if the participant pressed the correct button between 1.1 and 2 s within the stimulation period;
“invalid” the answer came before 1.1 s timestamp or if the wrong key was pressed; any other situation

was considered as “no response”.
The participant's response time was calculated using the following formula:

T —T.—1000=T
R S

response

where T represents the Unix time in milliseconds corresponding to the participant’s provided
response, and T represents the Unix time in milliseconds corresponding to the beginning of the
“expectation” phase of the trial. To calculate the participant’s true response time to the stimulus, the
formula subtracts T from 7 and then deducts an additional 1000 ms. The adjustment accounts for the

fact that stimulation began 1000 ms after the expectation phase screen appeared.
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Figure 2-7. Snippet of behavioral data recorded by the procedural computer during the experiment. The data
includes the current procedure block number, trial index, trial type, displayed screen type, and event type, along
with the corresponding timestamp in milliseconds (UNIX time). The indexing of block numbers started from zero,
meaning that block No. 3 in the presented data corresponds to the fourth block of the experimental procedure.
Notably, the order of trial types aligns with that shown in Figure 2-6. Additionally, for the 10-ms pulses (trial types
2 and 3), the participant did not respond, which may suggest that the pulses did not generate a perception of

phosphenes or that they were too weak for the participant to detect.

EEG Data

EEG preprocessing and analyses were performed with custom written Python scripts using the
packages described in the section Data Acquisition, Processing, Analysis and Visualization. The
processing was primarily aimed at cleaning the signal, filtering it to the frequencies of interest,
segmenting it into epochs and grouping them and averaging relative to the experimental conditions for
each participant. Additionally, because the EEG signal was recorded between blocks of the
experimental procedure during the “rest” period, frequency distributions for these segments of the

experiment were also computed.
Filtering

In this study, a bandpass filter was applied to retain frequencies between 1 and 40 Hz, effectively
eliminating low-frequency drift and high-frequency noise that could obscure relevant brain activity.
This was achieved using a fourth-order Butterworth biquadratic (second-order sections) infinite

impulse response (IIR) band-pass filter. Additionally, a zero-phase notch filter was used to remove 50
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Hz power line noise and its harmonics. The notch filter was configured to eliminate frequencies at 50,
100, 150 Hz, and so on, up to 500 Hz. This dual-filtering process ensured that the EEG data remained
focused on the frequency range most relevant for analyzing brain activity while minimizing

interference from external electrical sources.
Channel Interpolation

Channel interpolation in EEG is a widely used technique to replace "bad" channels - those affected by
excessive noise or artifacts - with estimated values derived from neighboring channels (Cohen, 2014).
To identify channels for interpolation, we performed a thorough visual inspection of the signal,
separately for the data from procedure and rest blocks. The recorded EEG was of good quality. An
average of 0.13 = 0.04 channels per dataset required interpolation in the procedure blocks. Only TP9,
TP10, and T7 channels were excluded, and this occurred in just 10 datasets. For the data from rest
periods, an average of 0.18 £ 0.05 channels per dataset required interpolation. In total, 13 datasets

required interpolation, with TP9, TP10, T7 and T8 channels affected by excessive noise.

Re-Referencing

After completing the filtering and interpolation processes, the EEG data underwent re-referencing.
The average reference (i.e. the average activity across all channels) was used, which reduces
common-mode noise and minimizes the influence of the physical reference that could affect all
channels equally. This step ensures that the data reflects only the brain's electrical activity, minimizing

any potential confounding effects from external sources.
Independent Component Analysis

ICA is a form of blind source separation that assumes observed signals are linear mixtures of
statistically independent source signals. This technique allows for the decomposition of EEG into
independent components (ICs), which include both accurate representations of neural activity and
repetitive artifacts such as ocular movements, muscular interference, environmental noise, and
heartbeats. The ICA can extract as many components as there are input EEG channels which, in the
case of multichannel data, is computationally expensive. A more optimal approach is to reduce the
number of components based on the amount of variance they explain. Thus, Principal Component
Analysis (PCA) was used to identify a smaller number of components that capture a high (>
99.9999%) percentage of the variance. Therefore, in this study, we used the FastICA algorithm, set to
find 20 components which was enough to detect artefacts of eye blinks, eye movements and also
components representing current pulse stimulation artifacts. The components were identified by a
typical shape, time of incidence and strong frontal location. On average 3.49 + 0.08 components were

excluded per dataset extracted for the procedure blocks. For the rest blocks, the average exclusion was
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1.46 £ 0.10 components. The difference is mainly due to the need for additional exclusion of

components representing pPCS artefacts in procedural blocks.
Signal Segmentation (Epoching)

After applying ICA, a high-pass filter with a cutoff of 1.0 Hz was reapplied to remove any residual
low-frequency drift that may have been introduced during ICA processing. Such drift, if left
uncorrected, could persist into the segmented epochs and might not be fully addressed by baseline
correction. Next, we performed segmentation, a critical step for the analysis of evoked potentials. The
EEG signal from procedure blocks was divided into equal segments, referred to as epochs, starting
-500 ms before, and lasting to +1000 ms relative to the onset of stimulation events. Following
segmentation, the epochs were averaged to improve the signal-to-noise ratio, effectively isolating the
signal of interest associated with the experimental events (see Figure 1-9). Baseline correction was
applied to EP sweeps based on the mean from the whole pre-stimulus period to reset the amplitude of
the evoked potential, ensuring a consistent starting point from the onset of the event. Lastly, a visual
inspection of the epochs was conducted to exclude those containing artifacts not removed during

earlier preprocessing steps. On average, only 5.0 + 1.2 epochs were excluded per dataset (0.56%).

Data Analysis
Phosphene Detection Threshold and Response Times to Stimuli

The analysis of behavioral data focused on participants' responses to the applied stimuli. Specifically,
we assessed the percentages of valid, none, and invalid responses for each stimulus type: a 100 ms
LED flash and current pulses with varying durations (10, 50, 100 ms) and amplitudes (100, 200, 300
uA). For pPCS, the analysis centered on participants' responses to the phosphene experience, enabling
the determination of a phosphene detection threshold based on the characteristics of the current pulse.
Additionally, we examined response times to both the perceived LED flashes and the experienced

phosphenes.

In order to verify the existence and characteristics of response trends for different parameters of
pPCS, we utilized linear regression modeling to fit a trend line to the data and calculate the coefficient
of determination (R?) in the context of behavioral and electrophysiological data, including valid
response rate, valid response time, and averaged EEG potentials. The R’ value represents the
proportion of variance in the dependent variable explained by the regression model and is a key metric
for evaluating the quality of the fit. An R’ value close to 1 indicates that the model explains most of
the variance in the data, suggesting a strong linear relationship, whereas a value close to 0 implies that

the model explains little of the variance, indicating a weak or non-linear pattern.
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To identify the parameters of the pPCS that corresponded to a 50% participant behavioral and
electrophysiological response a Naka-Rushton function was fit to the collected data (Naka and
Rushton 1966), In this approach, the total stimulus (stim) is calculated based on pPCS parameters -
specifically, amplitude (4) and duration (d) - to determine the total charge per pulse (Q(d,4)), which

serves as the input to the Naka-Rushton function. The function is expressed as:

_ Q(a.4)"
f(d, A) = rmax + 7‘base( Q(d,A)n+02)

where r,, is the maximum response, n defines steepness of the response curve, o is the stimulus

intensity producing a half-maximal response, and 7, represents the baseline response.

In this study, the response refers to either the behavioral or electrophysiological response of
participants, depending on the type of experimental data to which the model is fitted. Additionally,
parameters other than the stimulus input (stim), which are related to the participant’s response to the
eliciting stimulus, are estimated using curve fit function from the scipy.optimize package (full
implementation of the approach can be found in the repository). This estimation is performed by
fitting the input stim data and the corresponding experimental response data to the Naka-Rushton

model.

As part of the results presented in this dissertation, we extended the standard Naka-Rushton
framework into a multi-factor model incorporating total charge, pulse amplitude, and saturated
duration to better capture the complex dynamics of pCS responses. Additionally, for the
electrophysiological data, we applied a normalized scale using the maximum response to LED

stimulation as a reference, enabling standardized comparisons across conditions.

Finally, to examine the potential effects of stimulation type on responses and response times, we
conducted an analysis of variance (ANOVA). One participant was excluded from further behavioral
and electrophysiological data analysis due to providing invalid responses in 89.9% of all trials, with

an average response time of 436.5 ms before the stimulus.

Electrical and Visual Evoked Potentials

After preprocessing the EEG signal, we calculated evoked potentials for each experimental condition.
The visualization of averaged evoked potentials was performed for a cluster of eight occipital
electrodes: PO7, PO3, POz, PO4, POS8, O1, Oz, and O2. This cluster was selected to capture the
activity from the primary visual cortex and surrounding regions, which are critical for processing
visual and phosphene-related stimuli. To gain insights into the late components of the evoked

potentials, we conducted statistical comparisons focusing on the 150-300 ms time window after
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stimulus onset. This window was chosen as it is less susceptible to artifacts from current stimulation
and reflects higher-order visual processing, such as those associated with the P2 component. These
analyses allowed us to compare the neuronal responses elicited by electrical and visual stimulation

under controlled experimental conditions unaffected by pPCS-related artifacts.

Frequency Spectrum of Resting-State EEG Data

During the experimental procedure, rest blocks were interspersed between procedural blocks,
allowing for periods of rest during which participants kept their eyes closed while EEG signals were
recorded. To investigate potential changes in the EEG signal across these rest blocks, a series of
resting-state frequency analyses was conducted. Fast Fourier Transform (FFT) was employed to
calculate frequency distributions, enabling the identification of power within specific frequency
bands. Linear regression modeling was used to examine trends in power changes across consecutive
rest blocks, with a primary focus on the alpha band (8-12 Hz). Additionally, power spectral density
(PSD) analyses were performed to generate topographic maps of selected frequency bands, providing
a visual representation of power distribution across the scalp. These complementary approaches
allowed for a comprehensive analysis of both temporal and spatial dynamics of EEG activity during
the resting-state periods. The detailed implementations, particularly for more complex functions and
calculations such as FFT and PSD, along with the functions and packages used, can be found in the

repository.

Study 2: Effects of Pre-Stimulus Single-Pulse Periorbital Current Stimulation on

Visual Information Processing

Aims of the Study

The primary aim of the second study was to examine how the electric stimulation would influence the
processing of the following visual stimuli. In this study, visual stimuli were presented on the monitor
screen as checkerboard pattern reversals, with the current pulse applied immediately before each
pattern reversal. The pulses tested include both short, low-intensity pulses with a low probability of
inducing phosphenes, and longer, higher-intensity pulses with a greater likelihood of triggering retinal
action potentials and consequent phosphene sensations. The analysis focused primarily on EEG data

recorded during the experiment, with particular attention to visual evoked potentials.

Participants and their Preparation for the Experiment

The study included 32 healthy volunteers (16 females and 16 males) with a mean age of 25.9 + 0.7
years on the day of the experiment (25.7 £ 1.0 for females; 26.0 + 0.8 for males). Sixteenth of the
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participants had corrected myopia (including 9 women). Handedness was not verified in this study.
The participants were randomly divided into two groups: an experimental group that received
electrical stimulation (EXP) and a placebo group without such stimuli (SHAM). The division was
conducted to ensure a balanced number of participants of each sex in each group, with 8 women and 8§
men in each group. Both groups were informed that they were receiving current stimulation. The
mean age of the placebo group was 26.7 & 1.0 years (women 27.0 = 1.6, men 26.3 £ 1.1), while that of
the experimental group was 25.1 + 0.9 years (women 24.5 = 1.2, men 25.7 + 1.3). Participants were

prepared for the study as described in the section common to all experiments.

Experimental Procedure

The experimental procedure, illustrated in Figure 2-8, involved displaying reversals of two
checkerboard patterns with alternating black and white fields. Depending on the experimental group
and phase of the procedure, pPCS in the form of pulses with specific characteristics was applied

immediately before each checkerboard reversal.
Visual Stimulus

The checkerboard pattern covered the entire screen, spanning approximately 24.0 by 13.5 degrees,
with each checker measuring 0.4° in size. A white fixation dot with a diameter of 0.3° was displayed
at the center of the screen. The Michelson contrast (Michelson, 1927) between the light and dark
fields was 70.3%, calculated using the following formula:

—-L

L .
CM - (Lmax+Lmin) % 100

This formula calculates the Michelson contrast (C,,) by taking the difference between the maximum
(L) and minimum (L,,;,) luminance values, dividing it by their sum, and then scaling the result by a
factor of 100. Luminance measurements were performed with a Konica Minolta LS-100 photometer
in a darkened room, with values expressed in cd/m”. The recorded luminance values for the dark and
light fields were 17.5 and 100.4 cd/m?, respectively, while the luminance of the white fixation point

was 207.5 cd/m?.
Procedure Scheme

All participants underwent an experimental procedure comprising 6 experimental blocks (Figure
2-8A). The first and last blocks were the prologue and epilogue blocks, respectively. In these blocks,
participants, regardless of their experimental group, were presented with visual stimuli in the form of

CPRs displayed on the screen without preceding current stimulation. Each block contained 120 CPR
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repetitions, with an inter-stimulus interval (ISI) of 2.25 + 0.25 seconds. Consequently, each of these

blocks lasted approximately 5 minutes.

Procedure blocks were positioned between the prologue and epilogue blocks, in the middle of the
experimental procedure. Each of these blocks consisted of 30 segments, each containing 9 trials
dedicated to one of the 9 experimental conditions (Figure 2-8B). Considering the number of segments
and trials in each block, there were 270 trials, resulting in 30 repetitions of each experimental
condition. The experimental block on average lasted 10 minutes and 3 seconds (9:00 — 11:15),
considering that the trial duration ranged from 2 to 2.5 seconds. In total, across the four procedure
blocks, each experimental condition was repeated 120 times. The order of conditions within each
segment was not randomized, it remained consistent across segments. In these blocks, for conditions
indexed 1 through 8, CPRs were preceded by pPCS in the form of single, sinusoidal biphasic pulses
with specific combinations of duration (12.5, 25, 50, and 100 ms) and amplitude (100, 200 pA)
(Figure 2-8C). "Directly preceded" indicates that the current pulse concluded precisely at the onset of
the CPR (Figure 2-9A). The experimental condition indexed as 0, in contrast, involved CPRs without
preceding pCS, thus serving as independent visual stimuli identical to those in the prologue and
epilogue blocks. The key distinction between the experimental and placebo groups was that in the

placebo group, all trials were of 0 type, meaning that no current pulse was applied prior to the CPR.

There were 3 minute rest periods between the experimental blocks (prologue, procedure, and
epilogue), which provided participants with a break from the monotonous experimental procedure and
offered experimenters an opportunity to check and adjust the hardware configuration. No EEG data
was recorded during rest. The total duration of the whole experimental procedure was approximately

65 minutes.
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Figure 2-8. Schematic representation of the experimental procedure in the second study. (A) The experimental
procedure included four block types: "Prologue/Epilogue”, "Rest", and "Procedure". The procedure began and
concluded with the "Prologue"” and "Epilogue” blocks, each lasting approximately 5 minutes. During these blocks,

participants observed checkerboard pattern reversals (CPRs) without preceding current stimulation, regardless of
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their experimental group. Each block contained 120 CPRs. The "Rest" blocks, of which there were five, served as
breaks for participant relaxation and for checking experimental equipment. These 3-minute blocks required
participants to keep their eyes closed, with no EEG recording conducted. If necessary, adjustments were made to
the stimulation and recording electrodes, and experimental equipment was recalibrated during these breaks.
Finally, the procedure included four "Procedure"” blocks, each lasting about 10 minutes. In these blocks, CPRs
were presented following a current pulse with specific parameters, varying by trial type and the participant's
assignment to either the experimental or placebo group. (B) Each “Procedure” block consisted of 30 segments
made up of 9 trials of one of 9 types. Types 1-8 included the application of a current pulse of a combination of
specified duration (12.5, 25, 50, 100 ms) and amplitude (100, 200 uA) immediately before CPR (C). Type 0, on
the other hand, “Control,” considered CPR without preceding current stimulation. (D) Each trial, displaying one of
the two checkerboard patterns, lasted 2.25 + 0.25 seconds. At the end of each pattern display, a current pulse
was applied, depending on the trial type. This pulse application was immediately followed by a reversal of the
checkerboard pattern on the screen (E), initiating the next trial. In each "Procedure" block, there were 30
repetitions of each trial type, resulting in a total of 120 repetitions per experimental condition across the four

experimental blocks.
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Figure 2-9. Visualization of current pulse application and corresponding visual evoked potential (VEP) with
electrode placement and induced electric field (IEF) (A) Visualization of a periorbital current stimulation (pCS) in
a form of 100 ms pulse with an amplitude of 100 uA preceding visual stimulation in the form of a checkerboard
pattern reversal (CPR). This CPR serves as the source of neuronal activity, reflected in the occipital EEG signal
as a VEP. The VEP is characterized by three peaks occurring at approximately 76 ms (N75), 100 ms (P100), and
135 ms (N135), respectively. The colored shading beneath the curve of the current pulse indicates the direction
of current flow between the stimulation electrodes: red signifies current flow from the upper to lower electrodes,
while blue indicates flow from the lower to upper electrodes. The Y-axis scale for the current pulse waveform is
represented from the perspective of the upper electrodes. (B) Visualization of the stimulation electrode locations
(left image) and a simulation of the IEF on the participant's skin surface at the first peak amplitude of the current
pulse (right image).
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Data Processing
Overview

In the second study, only the EEG signal was available, which required processing through the same
steps as in the first study: selecting and interpolating “bad” channels, filtering and re-referencing the

signal, performing ICA, and finally segmenting the signal.
Channel Interpolation

Upon visual inspection, an average of 0.34 £ 0.07 channels per dataset were interpolated in the
experimental group, compared to 0.51 £ 0.10 channels in the placebo group. Among the most

frequently excluded channels were Fp1, Fp2, AF7, AFS8, Tp9, Tp10.
Filtering and Re-Referencing

The EEG signal underwent preprocessing using a 4th-order Butterworth biquadratic (second-order
sections) infinite impulse response (IIR) band-pass filter, covering a frequency range of 0.1-40 Hz.
Additionally, a zero-phase finite impulse response (FIR) notch filter, with a length of 6.6 seconds, was
employed to eliminate grid artifact frequencies and their harmonics (ranging from 50 Hz to 500 Hz in
50 Hz increments). The selection of these filter types was driven by the need to minimize edge
artifacts associated with concurrent pPCS-induced EEG disturbances. Following the filtering process,

the signal was re-referenced to the average of all channels.
Independent Component Analysis

The performance of ICA followed the same method and component exclusion criteria as outlined in

study one, with an average of 1.21 &+ 0.05 components excluded per participant.
Signal Segmentation (Epoching)

Data segmentation, or epoching, of the EEG signal was performed using the moments of CPRs as the
onset points (zero points) of the epochs. Each epoch spanned a temporal range from -875 ms to +1125
ms relative to the onset. As a result, each epoch consisted of 2001 samples, corresponding to the same

number of milliseconds, considering the EEG signal's sampling rate.

Based on visual inspection, 27.1 + 3.7 epochs per dataset (where + represents the standard error of the
mean) were identified and excluded from further processing due to excessive noise, abrupt changes in
signal amplitude, or the presence of artifacts such as electrode drift, electrical interference, and all
other signal disturbances not addressed during ICA analysis. The average number of bad epochs
identified during the prologue and epilogue phases was 17.9 £ 2.8 for the experimental group and 9.16
+ 1.4 for the sham condition. During the main procedure, the average number of epochs identified was

43.8 &+ 5.4 for the experimental group and 37.7 + 5.1 for the sham condition.
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Finally, baseline correction was applied to the epochs, with the baseline defined as the interval from
-875 ms to -200 ms preceding the visual stimulus. Subsequently, the intra-subject epoched data were
normalized across all channels and conditions and represented as Z-score values. Normalizing EEG
data to z-scores before analyzing e.g. PIN1 and PIN2 VEP components ensures comparability across
participants and sessions by removing individual baseline differences and accounting for variability in

amplitude distributions. Values in z-space were represented with the unit pV.

Data Analysis

Effects of Current Stimulation on Visual Evoked Potentials

After segmenting the EEG data and grouping them according to the experimental conditions, VEPs
were calculated for the occipital cluster of seven electrodes: O1, O9, Ol1h, Oz, OI2h, O10, and O2.
The peak amplitudes were extracted from the main VEP components - N75 (N1), P100 (P1), and
N145 (N2) (see Figure 1-9). Next, PIN1 and PIN2 peak-to-peak amplitudes were calculated as a

main measure of VEP magnitude.

PIN1 and PIN2 amplitudes were compared between the consecutive blocks of experimental
procedure and between experimental and sham groups. In particular, procedure blocks were compared
to prologue to estimate direct stimulation effects and epilogue block was compared to prologue to
capture any potential changes persisting after the stimulation. Additionally, we investigated the
progression of the stimulation effect across and within each of the four procedure blocks, and within
the epilogue block. The global stimulation effect was examined by pooling data from all conditions
involving current pulse application prior to CPR. The potential role of current pulse characteristics

was evaluated by separately analysing each trial type.

~90 ~



Results

Induced Electric Field During Periorbital Current Stimulation

Stimulation Current Parameters

The estimated relationship between electrode size, current intensity, and current density, are illustrated
in Figure 3-1. The calculations indicated that the use of the proposed small (3 cm?), self adhesive
electrodes, would ensure reduction in the total charge delivered during sinusoidal biphasic current
pulse stimulation, with well preserved effective current density. The density of 0.016 mA/cm?,
obtained for the example pulse of 100 pA and 100 ms was nearly half the value obtained with
protocols typically used in tDCS i.e. 1 mA amplitude and 35 cm? rubber/sponge electrodes soaked in

saline solution.
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Figure 3-1. Relation between electrode size, current amplitude and overall stimulation intensity for stimulation
using sinusoidal biphasic current pulses. Panel (A) shows the pulse current density (mA/cm?) distribution below
the stimulation electrode as a function of current peak amplitude (mA) and electrode area (cm? for a sine
biphasic pulse. Panel (B) illustrates the pulse total charge (uC) based on the peak-to-peak amplitude (mA) of the
sine biphasic pulse and pulse duration (s), where the duration refers to the length of the entire pulse (both
phases). Panel (C) represents the cumulative charge (uC/cm? delivered during stimulation as a function of pulse

total charge, pulse number (n) and electrode area (cm?).
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Temporal Dynamics of Applied Current

In the pPCS setup we developed, involving two electrodes placed above the eyes and two electrodes
below, it is crucial to understand the temporal dynamics of the applied current based on its
characteristics. Consider a single sinusoidal current pulse with a 100 ms duration and a peak-to-peak
amplitude of 100 pA, as discussed earlier. Stimulation is administered through bipolar channels with
outputs for two stimulation electrodes, labeled A and B, positioned above and below each of the
participant's eyes, respectively. Assuming electrode A serves as the positive pole, and an alternating
current with a frequency of 10 Hz and a maximum amplitude of 50 pA is applied for 100
milliseconds, we generate a 100 ms pulse with a peak-to-peak amplitude of 100 pA. The values at
electrodes A and B can then be determined for the consecutive time points with an interval of 0, 0.01

second.

It is important to note that the electric field is induced throughout the entire duration of the pulse, with
the greatest change in the IEF occurring between the peaks of the pulse, where the difference in
current intensity is maximal. This is also when the most significant change in the potential of nerve
cells affected by the field takes place in the eyes. To calculate these values over time, the
characteristics of the bipolar channel and alternating current stimulation must be considered. For this
setup, we assume that one electrode acts as the cathode (negatively charged) and the other as the
anode (positively charged). Conventional current flows from the anode (positive) to the cathode
(negative), while electrons flow in the opposite direction, from the cathode to the anode - direction of
current flow is key in determining the voltage sign at each electrode. The formula for an AC sine

wave allows to calculate instantaneous current at any given time:
I(t) = Imaxsm(ant)

where [(?) is the instantaneous current at time ¢, /,,,, is the maximum amplitude of the current (50 pA
in an example case), fis the frequency of the AC (10 Hz), and ¢ is the time (e.g. 100 ms). If electrode
A is the positive pole (anode) and electrode B is the negative pole (cathode), the current at electrode A
(1,) will be equal to the current 7, while the current at electrode B (/;) will be the negative of /. Thus,

the current values for each electrode at each time point can be calculated. For instance, at t = 0.0/ s:
1(0.01) = 50sin(2m x 10 x 0.01) = 29.39 p4d

Therefore, at 0.01 s (10 ms), the current at electrode A will be 29.39 nA, and at electrode B, it will be
-29.39 pA. The values for the considered example pulse are presented in Figure 3-2A. These results
offer insight into the time-dependent changes in current application and their influence on the

surrounding tissue, providing a detailed context for the IEF dynamics discussed in the dissertation.
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Figure 3-2. The temporal dynamics of the applied current during a 100 ms pulse with amplitudes ranging from
-50 uA to +50 uA, commonly referred to in the dissertation as a 100 yA pulse. (A) On the left, the table shows
calculated values for electrodes A (above the eyes) and B (below the eyes) at specified time intervals,
demonstrating changes in current magnitude over time. (B) The upper right panel presents a visualization of the
current waveforms for each electrode, highlighting the periodic nature of current fluctuations during stimulation.
(C) The lower right panel depicts spatiotemporal patterns of induced electrical voltage at the skin surface at 25

ms and 75 ms during the pulse, based on computer simulations.

Two key points should be highlighted at this stage. First, the largest potential difference within the
stimulated tissue occurs between the peaks of the applied current pulse - specifically, at timestamps of
25 ms and 75 ms for a 100 ms pulse. During this 50 ms window, the most significant changes in the
IEF take place in the affected tissues, representing the period when this form of stimulation has the

greatest impact.

Second, during this interval, the IEF polarity reverses by 180 degrees. Simulations of a sinusoidal
pulse with zero onset show an inversion of the electric field vector, resulting in a reversal of the field’s
sign and a shift in surface voltage beneath the electrodes (Figure 3-2C). Initially, the current flows
from the upper electrodes to the lower electrodes for 50 ms, then reverses direction for the next 50 ms
(Figure 3-3A). The current magnitude peaks in two successive phases, with the vector direction

reversing by 180 degrees in the second phase (Figure 3-3B). On the other hand, the vector orientation
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is constantly nearly perpendicular to the anterior-posterior axis of the eyeball (Figure 3-4B). As the
field vector is aligned with the current flow between the upper and lower electrode, its trajectory is
arched rather than a strictly linear one. Additionally, the vector’s angle varies based on the

measurement location within other locations in the nervous system.
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Figure 3-3. The magnitude and direction of the current vector during the application of a single sinusoidal current
pulse of 100 ms duration with a peak-to-peak amplitude of 100 uA. (A) The first subplot illustrates the changes in
vector magnitude over time, showing two distinct phases of rise and fall. The arrows indicate the direction of
current flow, where the direction corresponds to the movement of current from the upper to the lower electrodes
(from the anode to the cathode), flowing across the stimulated tissue region. This represents the evolving
direction of the current vector during the pulse application. The length of the arrow denotes the vector's
magnitude - longer arrows correspond to greater magnitudes, while the absence of an arrow indicates a moment
of zero magnitude. (B) The second subplot shows the direction of the vector over time using a polar plot. The
axes represent angular directions, with 0° indicating the initial vector orientation. The plot demonstrates a
180-degree reversal of the vector direction during the second phase of the applied pulse, emphasizing changes
in the current's flow direction relative to the electrode arrangement. The degree values were determined by
applying the arctan2 function to the current values of electrode B and electrode A and converting the result from

radians to degrees.

It is important to note that the temporal dynamics of the IEF described here with a single sinusoidal
current pulse also apply to ACS. In this context, ACS can be viewed as a continuous series of
sinusoidal pulses with zero IPI, resulting in multiple cycles of rising and falling amplitudes,

accompanied by a reversal of the electric field vector throughout the stimulation period.
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Figure 3-4. Magnitude and vector of the induced electric field (IEF) during the application of a single sinusoidal
current pulse delivered through electrodes placed above and below the eyes at the first amplitude peak (25 ms).
(A) The average electric field magnitudes for a head slices containing the eyeball are shown, overlaid on the
corresponding structural data slice (volumetric data; MNI152). To use the sagittal slice, we identified its location
by determining the central X-dimension of the dataset and selecting the index 75 along this axis. The MNI
coordinate of the sagittal slice was 15, -126, -172. (B) The electric field vector at this amplitude peak is depicted
using comet symbols, where the head and tail illustrate the direction of the field, while the color indicates the field
strength (surface data). The head points in the direction of the vector, and the tail represents the trailing end. A
longer tail signifies a higher vector magnitude. At the 25 ms mark, the current flows from the upper electrodes to
the lower electrodes, inducing an electric field in the eyeball with a vector that is nearly perpendicular to the
anterior-posterior axis of the eye and directed downward. At the second amplitude peak, occurring at 75 ms
during the 100-ms sinusoidal current pulse, the field vector would reverse by 180 degrees and is directed upward

(not shown in the Figure).

Key takeaways:

1. Significant changes in the IEF occur during pulse peaks at 25 ms, 75 ms, and between,

possibly affecting tissue potential the most.
2. The IEF reverses direction by 180 degrees during each cycle of the sinusoidal pulse.

3. The IEF vector follows a slightly arched trajectory between the stimulating electrodes.

Spatial Dynamics of Applied Current

Shape of the Electrodes

One of the primary objectives of this dissertation was to perform IEF simulations to examine

electrode locations, type, and applied current parameters for the proposed pPCS setup. Simulations
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were conducted for electrodes placed above and below the eyes, using a single sinusoidal current
pulse with a duration of 100 ms and a peak-to-peak amplitude of 100 pA. Specifically, the focus was

on the first amplitude maximum of this pulse, occurring at 25 ms.

The highest surface IEF values were observed on the facial skin directly beneath the electrodes,
particularly at their edges, exceeding 1.5 V/m. This phenomenon arises from the concentration of
current at the electrode edges, which creates a discontinuity in current distribution and leads to a

higher density of electric field lines in the surrounding area.

Since there were reports indicating higher current density at the corners of square electrodes (Minhas
et al 2011) we compared rectangular and ellipsoid electrodes in our simulations. The electrodes had
dimensions 1.5 x 2.0 cm for rectangular and 1.692 x 2.257 cm for ellipsoid electrodes, ensuring a

matched area (3 cm?) and axis-length ratio (~0,75).

The results of IEF simulation indicated that the shape of the electrode did not strongly influence the
occurrence of the edge effect. As shown in Figure 3-5, the maximum electric field magnitude (EFM)
value for the ellipsoidal electrode was 1.7609 V/m?, as compared to 1.7667 V/m for the rectangular
electrode. However, the distribution of all values within the spatial window were not significantly
different, as indicated by the Kolmogorov-Smirnov test for the full range (KS = 0.062, p-value =
0.238) (see Figure 3-7A). Within the normalized field range from 0.6 to 1.0, the ellipsoid electrodes
exhibited a higher proportion of field values (2.65%) compared to the rectangular electrodes (1.31%)
(see insert in Figure 3-5B), however, the Kolmogorov-Smirnov test indicated no significant difference

between these distributions either (KS = 0.389, p-value = 0.332).
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Figure 3-5. Comparison of electric field distributions for rectangular and ellipsoidal electrodes with axis lengths
adjusted to most closely match the rectangular electrode ensuring equal surface area (3 cm?) and an identical

axis-length ratio. (A) The maximum value on the normalized scale corresponds to the highest electric field
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observed for the ellipsoidal electrode (1.7609 V/m), while the minimum value is 0 V/m. (B) Histogram of unique
values of normalized electric field magnitudes comparing rectangular (blue) and ellipsoidal (red) electrodes,
illustrating differences in value distributions, particularly in the upper magnitude range (inserts). The second-level
inset illustrates the percentage distribution of values for both electrode types within the 0.6 to 1.0 range. (C)
Spatial distribution of electric field with clearly visible concentration at the edges of the respective electrodes;

note more bright pixels for ellipsoid electrode.

The shape-related difference in intensity of edge effect were reported by (Minhas et. al 2011) for large
electrode sizes (35 ¢cm?). Accordingly, we also performed simulations for different electrode surface
areas, either in a range typical for small-sized, stick-on electrodes (which were employed in our

experimental studies) or those used in transcranial current stimulation.

First, we modeled small-sized electrodes with non-balanced surface areas: a 1.5 x 2 c¢cm rectangular
electrode (3 cm?) and a 1.5 x 2 cm ellipsoid electrode (235.62 mm?). The ellipsoid electrodes
exhibited a further increase in high-field values compared to the rectangular ones, particularly in the
normalized range from 0.6 to 1.0. As shown in Figure 3-7B, the distributions for the full 0-1 range
differed significantly, as confirmed by the Kolmogorov-Smirnov test (KS = 0.109, p-value = 0.003).
For the 0.6-1.0 range, significant differences in the field distributions were also evident (KS = 0.638,
p-value = 0.010), as illustrated in the inset of Figure 3-6B.
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Figure 3-6. Comparison of electric field distributions for rectangular and ellipsoidal electrodes with unequal
surface area (rectangular, 3 cm?; ellipsoid, 235.62 mm?. Figure scheme as in 3-5: (A) Normalized electric field
intensities beneath the electrode placements for rectangular (left) and ellipsoidal (right) electrodes; (B) Histogram
of unique values of normalized electric field magnitudes comparing rectangular (blue) and ellipsoidal (red)
electrodes, with the range above 0.6 expanded in the insert). The second-level inset illustrates the percentage
distribution of values for both electrode types within the 0.6 to 1.0 range. (C) Spatial distribution of electric field

with clearly visible concentration at the edges of the respective electrodes. There are even more high field values
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in ellipsoid electrodes than in case of equal surface electrodes (Figure 3-5 B). The minima and maxima in A and

C are identical to those shown in Figure 3-5.
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Figure 3-7. Comparison of cumulative density distributions of normalized electric field magnitude (EFM, V/m) for
ellipsoid and rectangular electrodes. (A) Distributions for electrodes with identical surface areas show no
significant differences (n.s.) in the 0-1 range, as indicated by the Kolmogorov-Smirnov test. (B) Distributions for
electrodes with different surface areas show significant differences (** - p-value < 0.01) in the 0-1 range,
highlighting the effect of the electrode’s surface on EFM distribution.

The role of electrode size and shape was further examined by simulating the field distribution below
larger electrodes, mimicking those placed in sponges soaked in saline solution - commonly used in
transcranial current stimulation. To this end, we examined a 5 x 7 cm rectangular electrode with an
area of 35 cm?, placed in a 5 mm thick sponge cover, as well as an ellipsoidal electrode with axis
lengths of 5.78 x 7.71 cm, corresponding to the area and aspect ratio of the rectangular electrode.
These electrodes were positioned at the back of the head for convenience and, as part of the computer
simulations, served as a cathode with a current level of -100 pA, while the two anodes, located above
the eyes, were set at +50 pA each, as previously described. With these impulse parameters, the current
density under the electrode is expected to be approximately 0.033 mA/cm? for a 3 cm? electrode and
0.006 mA/cm? for a 35 cm? electrode. However, computer simulation results reveal that the maximum
current density magnitude is 0.031 mA/cm? for smaller electrodes, 0.0175 mA/cm? for larger ellipsoid

electrodes, and 0.0115 mA/cm? for rectangular electrodes.
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Figure 3-8. Electric field magnitude (EFM) distribution for different electrode configurations. (A) Bipolar periorbital

configuration showing EFM distribution concentrated near the edges of the small electrodes placed above the
eyes. (B) Rectangular electrode placed at the occipital region, highlighting EFM accumulation at the corners,
demonstrating the edge effect. The inset shows a magnified view of the concentrated field lines at the corners.
(C) Ellipsoidal electrode placed at the occipital region with a more uniform EFM distribution along the perimeter.
The inset illustrates a detailed view of the smoother field concentration along the curved edge.

The results of the computer simulations for large electrodes are visualised in Figure 3-8. The
maximum field values were 0.786 V/m and 0.755 V/m for the rectangular and ellipsoid electrodes,
respectively - 2.25 and 2.33 times lower than those observed with smaller electrodes of corresponding
shapes. Moreover, in the case of the rectangular electrode the highest field values indeed accumulated
at the corners (Figure 3-8B). In contrast, for the ellipsoidal electrode, the field was more evenly
distributed along the edges (Figure 3-8C). The difference in the normalized EFM distributions
between large rectangular and ellipse electrodes was significant across the full 0-1 range (KS = 0.128,
p-value < 0.001; Figure 3-9C). This effect was even more pronounced in the high-field range
(0.5-1.0), where the Kolmogorov-Smirnov test confirmed statistically significant differences (KS =
0.393, p-value = 0.009) (see inset in Figure 3-9B). These findings, along with the shift in the
cumulative density curve (Figure 3-9C), demonstrate that the elliptical electrodes consistently

produced higher EFM values compared to rectangular electrodes with the same surface area.
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Figure 3-9. Comparison of electric field magnitude (EFM) distributions and cumulative densities for ellipsoid and
rectangular electrodes with identical surface areas. (A) Heatmaps of the EFM distributions demonstrate higher
field intensities for the ellipsoid electrode compared to the rectangular electrode. (B) Histogram of normalized
EFM values shows the overall distribution of field magnitudes, with an inset highlighting the differences in the
high-field range (0.5-1.0), where ellipsoid electrodes exhibit higher values. (C) Cumulative density plot indicates a
significant difference in the overall distribution between the two electrode shapes (*** - p-value < 0.001, KS =

0.13), with a notable divergence in the high-field range, as observed in the inset of panel B.

Performed simulation indicated that the overall strength of the edge effect is related to the current
density at the electrode, but it is also modified by the shape of the electrode. The phenomenon occurs
in the 3 dimensional space in which the brink of an electrode forms an axis with field lines turning
perpendicular to it. The most uniform distribution happens along straight lines, while the curves and
angles further concentrate electric field lines, resulting in a localized increase in its intensity.
Interestingly, the curved edge of an ellipse electrode seems to focus the field stronger than the straight

verge of a square electrode and stronger than straight corners.

On the other hand, in the context of computer simulation results, the observed corner effects (or lack
of them) may also stem from spatial representation of the field simulation results. In particular the
resolution of mesh nodes might be not sufficient to detect the subtle differences in field distribution at
the edge of a small electrode. This may explain the lack of corner effect detected in our simulation of

small square electrodes.

In conclusion, the results of the computer simulations indicate that the edge effect varies between
rectangular and ellipsoidal electrodes, both for small and larger electrode sizes, with these differences
becoming more pronounced as the electrode size increases. Given the substantial nature of these
variations, we believe that electrode shape should be a key consideration when determining the

optimal stimulation setup. Nonetheless, we emphasize that the current density under the stimulation
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electrodes remains the most critical factor for ensuring participant safety and comfort during

stimulation.

Key takeaways:

1. Highest IEF values were consistently observed at electrode edges due to current

concentration.

2. Higher current density under the electrode seems to be the primary driver of stronger edge

effects.

3. The current concentration at the edges is moderately modulated by the pattern of straight

lines, angels and curvatures in an electrode shape.

Distribution of IEF as a Function of Location of the Electrodes

Our computer-based IEF simulations primarily focused on the periorbital placement of the stimulation
electrodes, as detailed in the Materials and Methods section. However, we compared them with an
alternative electrode configuration: two anodes positioned above the eyes, but with a single cathode
located at the back of the head. We modified the cathode's type and size, using a rubber-carbon
electrode placed within a sponge pouch soaked in a saline solution. The electrode's dimensions were
adjusted to 5 x 7 cm. Both this type and size are commonly used in tDCS studies. This section

presents and briefly discusses the results for each configuration, along with their comparisons.

It is important to note that surface field data derived from the mesh representation differs from
volumetric data. While surface-based simulations provide insights into the distribution of electric
fields across volume surfaces, accurate numerical values of the IEF within the brain are best obtained
through voxel-based analyses after converting mesh to volumetric data. Thus, to gain deeper insights,
the surface data (*.msh) were converted into volumetric form (*.nii.gz) for further analysis. Some
discrepancy in field values is expected after conversions so the direct comparison of two types of the

results is not possible.

We will present both surface and volumetric results, with numerical analyses primarily centered on the
volumetric data. This applies to both electrode configurations compared in this dissertation: the

bipolar periorbital configuration and the frontal-occipital configuration.
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Bipolar Periorbital Configuration

In the pPCS setup we developed, we utilized a bipolar periorbital configuration for the stimulation
electrodes, placing all electrodes in close proximity to the eyes. Specifically, two electrodes serve as
anodes above the eyes, while two electrodes serve as cathodes below the eyes (Figure 3-10A).

Notably, during the application of a sinusoidal current pulse or alternating current, the roles of the

anodes and cathodes alternate depending on the phase of the stimulation.

Electrode EFM (V/m)
Anode (+) [N Cathode () oy E N

Figure 3-10. Electrode placement and electric field distribution for the bipolar periorbital configuration. (A)
lllustration of electrode positioning on the head for the bipolar periorbital setup, showing the anode (red) and
cathode (blue) configurations from frontal and posterior views. (B) Electric field magnitude (EFM, V/m)
distribution map resulting from stimulation with a 100 ms, 100 uA single sinusoidal current pulse, shown at the 25
ms time point corresponding to the first amplitude peak. The colormap ranges from 0 to 1 V/m, highlighting

regions of varying electric field intensities across the surface of the head.

1IEF Measure in Surface Data

For the bipolar periorbital configuration, the magnitude of the electric field was highest on the facial
skin beneath the stimulation electrodes, with edge values reaching up to 1.7667 V/m. The EFM within
the head tissues was much lower and concentrated primarily in the frontal-middle part of the eyes
(Figure 3-11). The value observed on the surface of the eyeballs was 0.0844 V/m; 0.0749 V/m in the
white matter of the optic nerve and as low as 0.0225 V/m was noted in the gray matter in the anterior
cortical region. This results aligns with our expectations for the distribution of the electric field
induced with periorbital localization of the stimulation electrodes showing the greatest impact at the

initial point of the visual pathway, with minimal influence on other regions of the nervous system.
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Figure 3-11. Electric field magnitude (EFM, V/m) distribution across various brain views for bipolar periorbital
stimulation (surface mesh representation). The figure shows multiple perspectives, including lateral, superior, and
inferior views, illustrating the spatial distribution and intensity of the electric field. The colormap ranges from 0.00
to 0.05 V/m, indicating areas of low (blue) to high (red) field magnitudes.

Electric Field Distribution Within Head Volumes

9% ¢

Four major volumes were identified for further analysis: the “Scalp”, “Eyeballs”, “Optic Nerve”, and
the “Rest of the Brain”. The scalp encompasses the skin, fat, connective tissue, and muscles located
outside the skull, as detailed in the Materials and Methods section. The other three volumes were
extracted using the three ROIs shown in Figure 2-6. It is important to note that the rest of the brain
includes gray and white matter (GM, and WM, respectively) but excludes the optic nerve, spinal cord,
or CSF. Statistical description of the IEF values obtained in the extracted volumes is in Table 3-1 and

illustrated in Figure 3-12.
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Table 3-1. Global and point statistics for the electric field magnitude (EFM, V/m) obtained from computer
simulations of the electric field (IEF) induced by the bipolar periorbital configuration. The table presents the mean
EFM, the sum of magnitudes for all voxels, the standard deviation (SD), count (number of voxels), and maximum
(Max) and minimum (Min) voxel values for the scalp and three regions of interest (ROIs): Eyeballs, Optic Nerve,
and Rest of the Brain (comprising gray matter (GM) and white matter (WM)).

Electric Field Magnitude [V/m]
Volume Voxel Count
Mean Sum SD Max Min
Scalp 0.0048 58,016.5 0.0255 1.1187 0.0000 12,220,000
Eyeballs 0.0489 857.8 0.0108 0.0779 0.0256 17,542
Optic Nerve 0.0102 16.6 0.0043 0.0375 0.0048 1,637
Rest of the 0.0035 5,652.2 0.0018 0.0244 0.0052 1,638,915
Brain
B
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Figure 3-12. Comparison of electric field magnitude (EFM, V/m) across different anatomical volumes for the
bipolar periorbital configuration. Panel (A) displays the mean EFM with standard deviation (SD) error bars for
each volume (for N see last the column of Table 3-1). Panel (B) illustrates the sum of the EFM for all the voxels
from each volume. The inset provides an enlarged view of the smaller sums observed for the eyeballs and optic

nerve.

The volumetric data were consistent with the surface data, revealing that the highest EFM value was
observed in the scalp volume at 1.1187 V/m, approximately 14 times higher than the maximum EFM
in the eyeballs (0.0779 V/m). Nevertheless, the maximum EFM in the eyeballs was only 6.96% of the
maximum observed in the scalp, highlighting a significant reduction in EFM. This aligns somewhat
with the general assumption that approximately 80% of the electric field generated during transcranial
stimulation is attenuated by intervening structures (Vordslakos et al., 2018). In our study, attenuation

was measured as 93% for electrodes near the eyeballs despite the fact that the eyes are an exposed part
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of the nervous system. Deeper structures exhibited even greater attenuation, with the maximum EFM
in the optic nerve reaching only 0.0375 V/m - equivalent to 3.35% of the scalp maximum (97%
attenuation). For the rest of the brain volume the maximum EFM was 0.0244 V/m, or 2.18% of the
scalp maximum, indicating 98% attenuation. Notably, this attenuation pattern underscores how the
distribution of the electric field varies across different facial and deeper structures. By closely
examining the distribution of the EFM on the surface of the face, we observed that the EFM decreases
sharply beyond the stimulation electrodes. Ultimately, despite the relatively large field attenuation,
this electrode configuration appears to stimulate the eyeballs effectively thanks to the shunting effect

of the IEF toward the eyeballs.

Specifically, in the context of neural tissues, we observed the highest mean EFM values in the
eyeballs (0.0489 V/m). This value is nearly five times greater than the average EFM in the optic nerve
(0.0102 V/m) and almost 14 times higher than the average EFM in the rest of the brain (0.0035 V/m).
It is also ten times greater than the average EFM in the scalp (0.0048 V/m). This finding is notable for
several reasons. First, the highest mean IEF is observed in the eyeballs, attributed to their high
conductance. Second, the EFM value is still high in the optic nerve, located just behind the eyeball.
Third, the effect of the IEF on the rest of the nervous system appears negligible compared to its
impact on the eyeballs with this electrode configuration. Lastly, the low average EFM in the scalp is

related to its large volume, and many voxels located mostly far from stimulating electrodes.

The EFM values align with our intended objective of concentrating the effects of pPCS specifically on
the eyeballs. This is supported not only by the EFM data but also by the results of IEF simulations for
current density magnitude (CDM, A/m?) (Figure 3-13). Current density magnitude (magnlJ) represents
the strength of the current density in each voxel (or node), independent of its direction. While current
density (J) is a vector quantity that includes both the magnitude and direction of the current flow in a
voxel (or node), magnJ (]J|) is the scalar value obtained by normalizing J, providing the absolute
magnitude of the current density without any directional information. Thus, to calculate the total

current for the volumes of interest (in amperes), we used the following formula:

NVOX N‘UUX
total = i; Ivox = E:l (magn]i X Avox)

The formula calculates the total current (/,,,;) within a given volume by summing the contributions
from all individual voxels. Each voxel’s contribution is determined by multiplying the magnitude of
the current density (magnJ;), which represents the absolute amount of current per unit area, by the
surface area of the voxel (4,,). The total current is obtained by summing these individual
contributions across all voxels (V,,,) in the volume. This method provides a measure of the total

current flowing through the volume without incorporating directional information, focusing solely on
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the magnitude of the current density. Since the conversion from a mesh format to volumetric data

(*.msh — *.nii.gz) involves scaling the current density magnitude based on voxel surface area, the

total sum of the current density magnitude in the volumetric data remains equal to /,,,,;, but requires

?

changing the unit from A/m2 to pA.
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Figure 3-13. Current density magnitude (CDM, A/m?) surface distribution for the bipolar periorbital configuration.

(A) Anterior view of the head illustrating the placement of periorbital electrodes, with notable edge effects visible
in the CDM distribution. (B) Posterior view of the head. (C-H) Various views, including anterior, posterior,
superior, inferior, sagittal, and temporal perspectives, depicting the distribution of current density within the
eyeballs, gray matter (GM), and white matter (WM). Note that a different scale is used for panels (A-B) compared
to panels (C-H) to appropriately reflect variations in CDM.

These findings further emphasize the potential to isolate the effects of the bipolar periorbital
configuration on the eyeballs. For CDM, we observed the highest values beneath the electrodes,
particularly along their edges, confirming the presence of an edge effect for current density as well.
Interestingly, the maximum CDM on the skin was only three times higher than in the eyeballs,

measuring 0.2182 A/m? for the scalp and 0.0726 A/m? for the eyeballs (see Table 3-2 and Figure
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3-14). In the optic nerve, the maximum CDM was 0.0131 A/m?, while in the rest of the brain it
measured 0.0085 A/m? Notably, the average CDM in the eyeballs was 0.0456 A/m? the highest
among all the regions examined. The second-highest average CDM was observed in the optic nerve at
0.0035 A/m?, followed by the rest of the brain at 0.0013 A/m? and finally the scalp at 0.0009 A/m?,
which is nearly 51 times lower than that of the eyeballs. Given the relatively small number of voxels
representing the eyeballs compared to the rest of the brain - a difference of nearly 100-fold - it is
noteworthy that the total current in the eyeballs is only 2.7 times lower than that in the rest of the
brain (799.5 vs. 2174.7 A/m?). This reflects a significant distribution of current density focused on the

eyeballs during stimulation relative to the rest of the nervous system.

Table 3-2. Global and point statistics for the results of computer simulations of the induced current density (CDM,
A/m?) expressed in volumetric form for the bipolar periorbital configuration. The table presents the mean CDM
(A/m?), the standard deviation (SD, A/m?), the total number of voxels (Count), and the maximum (Max, A/m?) and
minimum (Min, A/m?) values for the scalp and three regions of interest (ROIs): Eyeballs, Optic Nerve, and Rest of
the Brain (comprising gray matter (GM) and white matter (WM)). Additionally, the table includes Iy (UA),
representing the total current flowing through each region, calculated by summing the contributions from all

voxels within the region based on the voxel area and current density magnitude.

Current Density Magnitude [A/m?]

Volume Voxel Count

Mean SD Max Min liotal
Scalp 0.0009 0.0050 0.2182 0.0000 11,313.0 12,220,000
Eyeballs 0.0456 0.0101 0.0726 0.0089 799.5 17,542
Optic Nerve | 0.0035 0.0015 0.0131 0.0017 5.8 1,637
Rest of the 0.0013 0.0007 0.0085 0.0000 2,174.7 1,638,915
Brain
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Figure 3-14. Comparison of current density magnitude (CDM) and total current across different anatomical
volumes for the bipolar periorbital configuration. Panel (A) displays the mean CDM (A/m?) with standard deviation
(SD) error bars for each volume. Panel (B) illustrates the total current (I, uA) for each volume. The inset

provides an enlarged view of the smaller total currents observed for the eyeballs and optic nerve.

Bipolar Frontal-Occipital Configuration

The second configuration tested was the bipolar frontal-occipital configuration, which utilized two
electrodes positioned above the eyes with a single large electrode placed on the occipital region at the
location of the EEG Oz electrode (Figure 3-15). This electrode was a rectangular, 5 x 7 cm
rubber-carbon electrode with an area of 35 cm?, enclosed in a 5 mm thick sponge soaked in a saline
solution with a conductivity of 1 S/m, typical for tDCS applications. The simulation was conducted
for a single sinusoidal current pulse with a peak-to-peak amplitude of 100 pA and a duration of 100
ms, specifically analyzed at a 25 ms timestamp corresponding to the first amplitude peak. During this
peak, the electrodes above the eyes served as anodes, while the occipital electrode functioned as the
cathode. The current on the electrodes above the eyes was +50 pA each, while the current on the
occipital electrode was -100 pA in total, maintaining current balance between the anodes and the

cathode to ensure a net zero current amplitude.
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Figure 3-15. Electrode placement and electric field distribution for the bipolar frontal-occipital configuration. (A)

lllustration of electrode positioning on the head for the bipolar frontal-occipital setup, showing the anode (red) and
cathode (blue) configurations from frontal and posterior views. (B) Electric field magnitude (EFM, V/m)
distribution map resulting from stimulation with a 100 ms, 100 uA single sinusoidal current pulse, shown at the 25
ms time point corresponding to the first amplitude peak. The colormap ranges from 0 to 1 V/m, highlighting

regions of varying electric field intensities across the surface of the head.

From the surface simulation results (Figure 3-15B), it is evident that the EFM beneath the stimulation
electrodes on the face is consistent with the values observed for the periorbital configuration (Figure
3-10B). For the occipital electrode located at the back of the head, the EFM is consistent with the
results presented in Figure 3-8B, which examined the impact of electrode shape and size on IEF.
Specifically, due to the larger surface area of the cathode, its current density (0.003 mA/cm?) is much

lower than that of the anodes (0.016 mA/cm?).

With such electrodes pattern the maximum EFM on the scalp surface (1.6173 V/m) was observed
beneath the frontal electrodes. This value was approximately 20 times higher than the maximum EFM
observed on the surface of the eyeballs, which reached 0.0797 V/m, localized primarily in the upper
regions of the eyes (Figure 3-16). Within white matter, the peak EFM was measured at 0.2389 V/m in
the optic nerves, making it roughly 6.8 times lower than the scalp maximum but 3 times higher than
the maximum EFM observed in the eyeballs. In contrast, the maximum EFM within gray matter was
0.0666 V/m, observed in both the anterior and occipital regions of the cortex. This value was
approximately 24 times lower than the scalp maximum and slightly lower than the maximum EFM

recorded in the eyeballs.

As seen in Figure 3-16 the bipolar frontal-occipital configuration is effective in targeting deeper
structures relevant to vision: the optic nerve was significantly influenced, and both the frontal cortex

and, to a greater extent, the occipital cortex demonstrate moderate levels of EFM. This distribution of
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the IEF indicates that, beyond the primary focus on the eyes and optic nerves, the stimulation extends
to cortical regions associated with higher visual processing, albeit to a lesser degree. This nuanced
distribution highlights the spatial specificity of the stimulation, targeting all key stages of the visual

pathway, while emphasizing its potential for broader modulation of visual and associated cortical

networks.

EFM (V/m)
0.00 M N 0.05

Figure 3-16. Electric field magnitude (EFM, V/m) distribution in surface mesh representation across various brain
views for bipolar frontal-occipital stimulation. The figure shows multiple perspectives, including lateral, superior,
and inferior views, illustrating the spatial distribution and intensity of the electric field. The colormap ranges from

0.00 to 0.05 V/m, indicating areas of low (blue) to high (red) field magnitudes.

The results presented in Table 3-3 summarize key volumetric statistics for the EFM under the bipolar

frontal-occipital electrode configuration. Among the examined regions, the optic nerve exhibited the

~110 ~



highest mean EFM value of 0.0407 V/m, with a total summed magnitude of 66.6 V/m across 1,637
voxels and a maximum voxel value of 0.1462 V/m. This result highlights the concentration of the
electric field within deeper vision-related structures. The scalp, while having a lower mean EFM of
0.0062 V/m, displayed the largest summed EFM value at 75716.9 V/m due to its extensive coverage
of 12,220,000 voxels, with a maximum voxel value of 1.0695 V/m. This indicates a significant but

distributed field effect along the scalp surface, consistent with electrode placement.

The eyeballs showed a mean EFM of 0.0353 V/m, with a total sum of 619.2 V/m and a maximum
voxel value of 0.0936 V/m distributed across 17,542 voxels, indicating a focused field impact in this
area, primarily localized within the upper regions of the eyes. The rest of the brain, comprising gray
ad white matter, demonstrated a mean EFM of 0.0096 V/m, a total summed magnitude of 15782.3
V/m, and a maximum voxel value of 0.0951 V/m across 1,638,915 voxels. This reflects a broader but

less intense distribution compared to more localized regions such as the optic nerve and eyeballs.

Table 3-3. Global and point statistics for the results of computer simulations of the induced electric field (IEF)
expressed in volumetric form for the bipolar frontal-occipital configuration for the electric field magnitude (EFM,
V/m). The table presents the mean EFM, the sum of magnitudes for all voxels, the standard deviation (SD), count
(number of voxels), and maximum (Max) and minimum (Min) voxel values for the scalp and three regions of
interest (ROIs): Eyeballs, Optic Nerve, and Rest of the Brain (comprising gray matter (GM) and white matter
(WM)).

Electric Field Magnitude [V/m]

Volume Voxel Count

Mean Sum SD Max Min
Scalp 0.0062 75,716.9 0.0253 1.0695 0.0000 12,220,000
Eyeballs 0.0353 619.2 0.0100 0.0936 0.0161 17,542
Optic Nerve 0.0407 66.6 0.0285 0.1462 0.0068 1,637
Rest of the 0.0096 15,782.3 0.0022 0.0951 0.0000 1,638,915
Brain

Figure 3-17A complements these findings by illustrating the mean EFM values with their associated
standard deviations (SDs) across different regions. The optic nerve exhibited the highest mean EFM,
followed by the eyeballs, while the scalp and the rest of the brain had comparatively lower mean
values. Figure 3-17B displays the total summed EFM for each volume, with the scalp showing the
largest cumulative value due to its large volumetric area. The inset provides a detailed view of the
summed values for the eyeballs and optic nerve, emphasizing their localized but pronounced field
effects. The EFM concentration was highest in regions with the lowest voxel counts. These results

clearly demonstrate that the induced electric field (IEF) had the greatest impact on the optic nerve,
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followed by the eyeballs and cortical regions, particularly the occipital cortex. In comparison, the
scalp showed a lower level of field intensity, indicating a more superficial and dispersed effect. This
distribution emphasizes the field’s concentration on critical structures along the visual pathway, while

maintaining a moderate influence on the cortical surface and minimal impact on the outer scalp layer.
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Figure 3-17. Comparison of electric field magnitude (EFM, V/m) across different anatomical volumes for bipolar
frontal-occipital configuration. Panel (A) displays the mean EFM with standard deviation (SD) error bars for each
volume. Panel (B) illustrates the total sum of the EFM for each volume. The inset provides an enlarged view of

the smaller sums observed for the eyeballs and optic nerve.

Going further, let's look at the CDM for the bipolar frontal-occipital configuration. The surface
distribution of CDM is illustrated in Figure 47. The anterior view of the head highlights strong edge
effects and high CDM concentrations around the borders of the periorbital electrodes underneath,
while the posterior view shows a less pronounced edge effect for the large occipital electrode
embedded in a saline-soaked sponge due to the spread of the current density along bigger area. In the
context of neural tissues, the highest CDM values were concentrated in the upper portions of the
eyeballs, reflecting strong shunting effects from the upper periorbital electrodes. Additionally,
relatively high CDM values were observed along the optic nerves, indicating significant penetration of
the induced field into deeper visual structures along the visual pathway. In contrast, negligible CDM
was observed in the remaining regions of the brain, underscoring the focused and localized nature of
the stimulation effect on initial stages of the visual system. High surface current density was primarily

localized near the electrodes and around the eyes, with minimal influence on adjacent brain regions.
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Figure 3-18. Current density magnitude (CDM, A/m?) surface distribution for the bipolar frontal-occipital
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configuration. (A) Anterior view of the head illustrating the placement of periorbital electrodes, with notable edge
effects visible in the CDM distribution. (B) Posterior view of the head showing the much weaker edge effect of a
large rubber-carbon electrode embedded in a sponge soaked in a salt solution. (C-H) Various views, including
anterior, posterior, superior, inferior, sagittal, and temporal perspectives, depicting the distribution of current
density within the eyeballs, gray matter (GM), and white matter (WM). Note that a different scale is used for
panels (A-B) compared to panels (C-H) to appropriately reflect variations in CDM.

Moving to the volumetric results (Table 3-4 and Figure 3-19), the scalp exhibited a lowest mean CDM
of 0.0012 A/m?, yet had the highest total current of 14,764.7 pA due to its extensive surface area
(12,220,000 voxels). The maximum observed CDM on the scalp was 0.2086 A/m?, primarily near the
anterior electrode edges. The eyeballs demonstrated a highest mean CDM of 0.0329 A/m?, with a total
current of 577.1 pA distributed across 17,542 voxels, and a maximum value of 0.0688 A/m?
concentrated in the upper regions. The optic nerve exhibited a second highest mean CDM of 0.0142
A/m?, with a total current of 23.2 pA across 1,637 voxels, and a maximum of 0.0509 A/m?, indicating
effective targeting of deeper visual structures with the frontal-occipital configuration. The rest of the
brain displayed a mean CDM of 0.0037 A/m?, a total current of 6,063.0 pA, and a maximum value of

0.0331 A/m? over 1,638,915 voxels, indicating a broader but less intense distribution compared to the
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EFM. This difference was particularly pronounced in the occipital cortex located directly beneath the

occipital electrode.

Table 3-4. Global and point statistics for the results of computer simulations of the induced current density (CDM,
A/m?) expressed in volumetric form for the bipolar frontal-occipital configuration. The table presents the mean
CDM (A/m?), the standard deviation (SD, A/m?), the total number of voxels (Count), and the maximum (Max,
A/m?) and minimum (Min, A/m?) values for the scalp and three regions of interest (ROIs): Eyeballs, Optic Nerve,
and Rest of the Brain (comprising gray matter (GM) and white matter (WM)). Additionally, the table includes I,
(LUA), representing the total current flowing through each region, calculated by summing the contributions from all

voxels within the region based on the voxel area and current density magnitude.

Current Density Magnitude [A/m?]

Volume Voxel Count

Mean SD Max Min heter
Scalp 0.0012 0.0049 0.2086 0.0000 14,764.7 12,220,000
Eyeballs 0.0329 0.0093 0.0688 0.0150 577.1 17,542
Optic Nerve | 0.0142 0.0099 0.0509 0.0024 23.2 1,637
Rest of the 0.0037 0.0009 0.0331 0.0000 6,063.0 1,638,915
Brain

Lastly, the volumetric results are further contextualized in Figure 3-19. These findings indicate a
distinct distribution of CDM across different anatomical regions, highlighting varying levels of
exposure and concentration. The scalp, due to its extensive surface area, exhibited a broad distribution
with relatively low intensity, emphasizing the influence of surface coverage on CDM summation
(total current). The eyeballs, with their high mean CDM and concentrated maximums, particularly in
the upper regions, reflect a more focused electric field impact, which could be highly relevant for
precision-targeted interventions. The optic nerve showed significant CDM targeting, highlighting its
susceptibility and the effectiveness of the frontal-occipital configuration in targeting this particular
stage of the visual system. The rest of the brain displayed a broader yet less intense CDM distribution
compared to the EFM, indicating a more diffuse effect and underscoring the strong influence of the
anterior electrodes in close proximity to the eyeballs. It is worth noting that current density does not
penetrate tissues as easily as the electric field, further emphasizing the targeted nature of the induced

current.
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Figure 3-19. Comparison of current density magnitude (CDM) and total current across different anatomical
volumes for the bipolar frontal-occipital configuration. Panel (A) displays the mean CDM (A/m?) with standard
deviation (SD) error bars for each volume. Panel (B) illustrates the total current (.., uA) for each volume. The

inset provides an enlarged view of the smaller total currents observed for the eyeballs and optic nerve.

Comparison of Bipolar Periorbital and Frontal-Occipital Configurations

In this section, we compare the results of the bipolar periorbital and frontal-occipital electrode
configurations, focusing on the surface and volumetric data for EFM and CDM. This comparison aims
to illustrate the spatial distribution and intensity differences across key regions of interest, including

the scalp, eyeballs, WM, and GM.

Table 3-5 presents the maximum EFM values for selected surfaces (meshes) across the compared
configurations. The periorbital configuration demonstrated a maximum EFM of 1.7667 V/m on the
scalp, which was higher than the 1.6173 V/m observed for the frontal-occipital configuration. This
difference is likely due to the concentrated positioning of the periorbital electrodes, leading to
increased localized intensity. Conversely, the frontal-occipital configuration exhibited higher
maximum values in WM (0.2389 V/m) and GM (0.0666 V/m) compared to the periorbital setup,
indicating a deeper penetration and distribution of the electric field. The eyeballs also exhibited a
slightly higher maximum EFM for the periorbital configuration (0.0844 V/m) compared to 0.0797
V/m for the frontal-occipital setup, aligning with the primary targeting of the very beginning of the

visual pathways by the former.

~ 115~



Table 3-5. Electric field magnitude (EFM, V/m) maxima for selected surfaces (meshes) for compared

configurations.
Configuration Surface
Scalp Eyeballs WM GM
Periorbital 1.7667 0.0844 0.0749 0.0225
Frontal-Occipital 1.6173 0.0797 0.2389 0.0666

Moving forward, Figure 3-20 provides a detailed visualization of the volumetric differences in EFM
for the two configurations. Figure 3-20A illustrates the spatial distribution of the electric field,
highlighting the concentrated impact of the periorbital electrodes on the eyeballs compared to the
broader and deeper influence of the frontal-occipital electrodes on various stages of the visual
pathway, including the eyeballs, optic nerves, and occipital cortex. The difference map in Figure
3-20B emphasizes the contrast in field intensity between the configurations, while the inset bar chart
quantifies the mean differences in EFM across key anatomical regions for both setups, underscoring
the greater impact of the periorbital configuration on the eyeballs and the more pronounced effect of

the frontal-occipital configuration on the optic nerves and the rest of the brain.
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Figure 3-20. Differences in electric field magnitude (EFM, V/m) for two stimulation electrode locations: periorbital
and frontal-occipital. (A) Visualization of the electric field distribution for periorbital (left) and frontal-occipital
(right) electrode configurations, highlighting spatial variations in field intensity across brain regions. The method
of visualization is the same as that described in the description of Figure 3-16A. (B) Difference map illustrating
the contrast in EFM between the two configurations (periorbital minus frontal-occipital). The inset bar chart
quantifies mean differences in EFM for specific anatomical regions: eyeballs, optic nerve, and rest of the brain,

with mean values, minima, maxima, and standard deviations indicated.

Furthermore, Table 3-6 highlights the maximum CDM values for the selected surfaces. The periorbital
configuration showed a maximum CDM of 0.3445 A/m? on the scalp, compared to 0.3154 A/m? for
the frontal-occipital configuration, again reflecting the localized intensity near the periorbital
electrodes, but as we recall, the highest values of current density for the latter configuration were also
observed for the front electrodes. The eyeballs exhibited slightly higher maximum CDM values under
the periorbital setup (0.0787 A/m?) compared to 0.0743 A/m? for the frontal-occipital configuration.
In contrast, the frontal-occipital configuration demonstrated higher maximum CDM values in WM

(0.0831 A/m?) and GM (0.0279 A/m?), consistent with its broader but deeper field distribution.
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Table 3-6. Current density magnitude (CDM, A/m?) maxima for selected surfaces (meshes) for compared

configurations.
Configuration Surface
Scalp Eyeballs WM GM
Periorbital 0.3445 0.0787 0.0260 0.0094
Frontal-Occipital 0.3154 0.0743 0.0831 0.0279

In addition, Figure 3-21 presents the volumetric differences in CDM for the two configurations. Panel
A visualizes the distribution of CDM, with the periorbital configuration showing concentrated effects
for the eyes anterior-middle regions, while the frontal-occipital configuration exhibits a broader
spread across eyes and optic nerves, but less intense in the rest of the brain as for the EFM. The
difference map in Panel B illustrates the contrast between configurations, with the periorbital setup
demonstrating once more a stronger impact on the eyeballs, while the frontal-occipital configuration
displays a stronger impact on the optic nerves and a more diffuse influence across the rest of the brain.
The inset bar chart quantifies the mean differences in CDM, highlighting the periorbital
configuration's targeted focus compared to the broader distribution seen with the frontal-occipital

setup and targeting deeper parts of the visual pathway.
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Figure 3-21. Differences in current density magnitude (CDM, A/m?) for two stimulation electrode locations:
periorbital and frontal-occipital. (A) Visualization of the CDM distribution for periorbital (left) and frontal-occipital
(right) electrode configurations, highlighting spatial variations in field intensity across brain regions. (B) Difference
map illustrating the contrast in CDM between the two configurations (periorbital minus frontal-occipital). The inset
bar chart quantifies mean differences in CDM for specific anatomical regions, including the eyeballs, optic nerve,
and the rest of the brain, with mean values, minima, maxima, and standard deviations indicated. Created using

the same methodology as Figure 3-20.

Finally, the statistical analysis comparing the EFM distributions for two electrode configurations
(periorbital and frontal-occipital) across three different ROIs - eyeballs, optic nerve, and the rest of the
brain - revealed significant differences. For the eyeballs, the Kolmogorov-Smirnov (KS) test for
comparison of the entire distribution functions of two datasets indicated a significant difference
between the two configurations, with a KS statistic of 0.4775 and a p-value < 0.001, highlighting
distinct distribution profiles. Similarly, the optic nerve ROI exhibited significant differences in EFM
distributions, as evidenced by a KS statistic of 0.6005 and a p-value < 0.001, indicating a marked

divergence in how the electric field affects this structure under each configuration. The rest of the
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brain also showed significant differences, with a KS statistic of 0.8987 and a p-value < 0.001,

reflecting broader but substantial alterations in EFM distribution (Figure 3-22A).
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Figure 3-22. Kernel density estimation (KDE) cumulative density plots illustrating the distribution of flattened
volume values for different regions of interest (ROIs) across two electrode configurations: periorbital (orange) and
frontal-occipital (gray). (A) The plots depict the normalized distributions of electric field magnitude (EFM) for the
eyeballs, optic nerve, and rest of the brain. (B) Similarly, cumulative density plots for current density magnitude
(CDM) show distinct distribution characteristics for each configuration, highlighting significant contrasts in current
density targeting across the ROIs. All values are normalized for total minimum and maximum across both
configurations, and statistical significance is denoted by Kolmogorov-Smirnov tests with ***p < 0.001 for all

comparisons.

Parallel analyses of CDM also showed significant differences across the same ROIs. For the eyeballs,
the KS test statistic was 0.4776 (p-value < 0.001), confirming significant variation in CDM
distributions between the configurations. The optic nerve presented a KS statistic of 0.6005 (p-value <
0.001), consistent with observed shifts in field targeting, while the rest of the brain showed a KS

statistic of 0.8970 (p-value < 0.001), further demonstrating pronounced changes in current density
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spread across broader brain regions (Figure 3-22B). These results collectively underscore the
substantial impact of electrode configuration on both electric field and current density distributions,

emphasizing differential targeting and intensity effects within considered neural ROIs.

More specifically, based on the distributions and their statistical comparisons, the two configurations
appear to differ across each of the three ROIs. For the periorbital configuration, the eyeballs exhibit
higher values, while the optic nerve and the rest of the brain show lower values for both EFM and

CDM.

Key takeaways:

1. Localized vs. broad effects: The periorbital configuration concentrated its impact on the
anterior-middle regions of the eyeballs, while the frontal-occipital setup exhibited broader

influence across the eyeballs, optic nerves, and occipital cortex.

2. The beginning of the visual pathway vs. the entire visual pathway: The periorbital
configuration is well-suited for stimulating the beginning of the visual pathway, while the
frontal-occipital configuration effectively stimulates the entire visual pathway, extending from

the eyes to the occipital cortex.

3. EFM vs. CDM: In the periorbital configuration, the electric field and current are primarily
localized similarly around the eyes. In contrast, with the frontal-occipital configuration, EFM
is more diffuse, affecting the eyes, optic nerve, and occipital cortex, while CDM is primarily

concentrated in the eyes and optic nerve.

Parameters of Current Stimulation Selected for Experimental Testing

We ultimately selected the periorbital electrode configuration for the experimental study, utilizing the
electrodes, their placement, and the single current pulses discussed and tested in the computer
simulations. This configuration was chosen due to its ability to maximize the induced electric field’s
effects on the eyeballs, which serve as the origin of the visual pathway. In the Study 1 we aimed to
test the capability of pPCS in the form of single current pulses in activating retinal ganglion cells and
inducing retinal phosphene generation and their perception. Current pulses ranged from 10 ms @100
pA to 100 ms @300 pA. Data analysis was focused on identifying the optimal parameters for
phosphene generation. In the Study 2 Specifically, we aimed to explore how single pulses applied
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periorbitally could modulate the processing of subsequent visual stimuli, thereby assessing the visual

information modulation potential of current stimulation in this form.

Responses to Single-Pulse Periorbital Current and LED Stimulation

(Study 1)

Phosphene Detection Threshold

The choice of a stimulation intensity is defined to effectively evoke desired responses without leading
to adverse effects. It is thus necessary to estimate the threshold of such effective stimulation. There is
no clear and definitive information in the literature regarding what constitutes the phosphene detection
threshold. It is most commonly defined based on behavioral responses of individuals subjected to
stimulation (Naycheva et al., 2012) or on the electrophysiological responses of the visual cortex
(Taylor et al., 2010). Therefore, in our study, we adopted the behavioral threshold at 5% of the valid
response rate. For the electrophysiological response, we defined the threshold as 10% of the
maximum response in the 150-300 ms window for the occipital cluster, where the maximum response

corresponds to the one elicited by the visual (LED) stimulus.

The difference arises from the nature of the responses being measured. Behavioral responses, such as
the valid response rate, are absolute and straightforward to interpret, as they directly reflect
participants' observable actions, e.g., reporting phosphene perception. These responses inherently
provide a clear threshold, such as 5% of trials, below which the stimulus can be considered

undetectable.

In contrast, electrophysiological responses require the establishment of a reference point to determine
the threshold. Unlike behavioral responses, EEG signals are measured in relative terms and are
influenced by background noise and variability in cortical activity. To account for this, we defined the
threshold as 10% of the maximum response observed in the 150-300 ms window for the occipital
cluster, where the maximum corresponds to the response elicited by the LED stimulus. This approach
allows us to standardize the threshold in the absence of an absolute measure, ensuring that the
electrophysiological response is evaluated relative to a clear and biologically meaningful reference

point.

In the behavioral part of our Study 1, the light stimulus was detected with very high accuracy and
there was negligible proportion of invalid responses across all trial types indicating the participants’
ability to maintain focus during the procedure, and respond appropriately (Figure 3-23 and Table 3-7).
The detection of electrically evoked phosphenes depended on the duration and the amplitude of

~ 122 ~



stimulating current. There were almost no valid responses for shortest (10 ms) impulses at lower
amplitudes (with slightly better performance at 300 pA, however still not reaching the 5% threshold)

and almost perfect performance was noted for longer 200 and 300 pA pulses.

Accuracy of Light and Phosphense Detectson (with SEM)
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Figure 3-23. Accuracy of stimulus detection. The percentages for valid, none, and invalid response types. Trial
types include light stimulus -"LED Flash (100 ms)" and pCS impulses with differing durations (10, 50, 100 ms)
and amplitudes (100, 200, 300 uA). Data presented as mean with SEM, for statistical description see Table 3-7.
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Table 3-7. Descriptive statistics for the percentage of valid responses across different trial types.

Trial Type

Statistic 10 ms 50 ms 100 ms

LED 1400 | 200 300 100 [200 | 300 100 [200 |300

HA HA HA HA HA MA HA HA HA

N 19 19 19 19 19 19 19 19 19 19
Median 989 | 1.1 0.0 2.2 711|967 |989 [s811 |o78 |o989
Mean 975 | 1.0 0.8 4.4 683 919 |951 |[749 |o938 |96.1
SEM 0.8 0.3 0.3 1.4 6.4 2.8 1.8 56 2.2 1.8
SD 36 1.2 1.1 6.0 277|121 |78 243 |94 7.9
Minimum | 87.8 | 0.0 0.0 0.0 2.2 578 |756 |189 |e689 |722
Maximum | 1000 |3.4 33 244 |989 1000 |[100.0 |100.0 |100.0 [100.0

SEM - standard error of the mean; SD - standard deviation

To test statistical significance of the noted differences we conducted a one-way ANOVA for “Valid
Response Rate” as dependent variable and “Trial Type” as fixed factor. The results of Welch's
ANOVA indicate a statistically significant effect of trial type on the percentage of valid responses
(F(9, 70597) = 2152.22, p-value < 0.001, n? = 0.907). The Welch's test was chosen due to a violation
of the homogeneity of variances assumption, as confirmed by a significant Levene’s test. The post-hoc
tests were performed with Tukey's correction to control for multiple comparisons with LED trials as a
baseline versus pPCS types (Table 3-8). LED flash demonstrated a substantially higher rate of valid
responses compared to shorter-duration pPCS (10 ms) across all current amplitudes. LED flash
responses were also significantly better (but to a smaller extent) than 50 ms 100 pA and 100 ms 100
pA pPCS. However, comparisons between LED flash and the stronger pPCS pulses (50 ms and 100
ms with the 200 and 300 pA) did not reveal significant differences. In the context of comparisons
between pulses, most of them were statistically significantly different. There were no statistically
significant differences, however, between 50 ms 100 pA and 100 ms 100 pA stimuli, as well as
between other pairs with the same amplitudes for these durations. This indicates that the 50 ms and
100 ms pulses generate similar valid response rates, despite slight numerical differences observed at
first glance for valid response rates. Furthermore, no significant differences were found between 50
ms 200 pA and 300 pA stimuli or between 100 ms 200 pA and 300 pA stimuli. The trial types did not
differ significantly neither from the LED flash, suggesting that pPCS with these specific parameters

produced an effect similar to an external visual stimulus.
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Table 3-8. Post-hoc comparisons between trial types using Tukey's correction. The table presents pairwise

differences in valid response rates, including the mean difference, t-value, Cohen's d (effect size), and adjusted

p-value.
Comparisons - Trial Types Mean t Cohen’s d p-valuey.,
Difference

10 ms 100 pA 96.49 22.37 7.26 <.001***
10 ms 200 pA 96.73 22.42 7.27 <.001***
10 ms 300 pA 93.04 21.57 7.00 <.001***
50 ms 100 pA 29.15 6.76 2.19 <.001***

LED versus: | 50 ms 200 pA 5.61 1.30 0.42 0.952
50 ms 300 pA 2.40 0.56 0.18 1.000
100 ms 100 pA 22.59 5.24 1.70 <.001***
100 ms 200 pA 3.68 0.85 0.28 0.998
100 ms 300 pA 1.40 0.33 0.11 1.000

*** - p-value < 0.001

As a next analytical step the Naka-Rushton algorithm was used to fit the data and to fully characterize

the non-linear, saturating nature of valid response rates in response to specific pulse characteristics.

First we implemented the standard single-factor Naka-Rushton function, (as described in the Materials
and Methods section), with the total charge per pulse as the independent variable in the function. This
parameter, calculated from the duration and amplitude of the current pulses, reflects the total stimulus
intensity hypothesized to influence the valid response rate. The purpose of fitting the Naka-Rushton
function to the valid response rate data was to establish a relationship between total charge per pulse
and response probability, aiming to identify the current pulse parameters that would yield a 50%
probability of a valid response. The results revealed a clear dependency between pulse amplitude and
the required pulse duration to achieve specific response probabilities; however, we have reservations
about these findings, which will be discussed shortly. For a 50% modeled response, the pulse duration
was 43.70 ms at 100 pA, 22.31 ms at 200 pA, and 14.99 ms at 300 puA. When targeting a 90%
modeled response, the required durations increased to 83.24 ms at 100 uA, 42.42 ms at 200 uA, and
28.54 ms at 300 pA. Additionally, for a 5% response threshold, the pulse durations were 29.48 ms at
100 pA, 14.98 ms at 200 pA, and 10.06 ms at 300 pA. It is important to note that these values

represent averages calculated for amplitude ranges of +5 pA around the specified amplitudes.

The function performed well in explaining the data, achieving a goodness-of-fit R? of 0.9797 and an

average difference between predicted and actual valid response rates of 3.54% (see left panel in
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Figure 2-25 and Table 3-9). However, the function was not entirely accurate. For instance, it predicted
identical response rates for 50 ms 200 pA and 100 ms 100 pA pulses, despite the actual valid
response rates differing significantly: 91.88% for the shorter pulse and 74.90% for the longer pulse.
This discrepancy is likely due to both pulses having the same total charge per pulse (3.54 pC). Total
charge alone failed to capture important dynamics in how stimulus parameters influence the activity
of the visual system and in result the valid response rates to phosphenes. Specifically, this indicates
the presence of additional physiologically or behaviorally relevant factors, such as the temporal
profile of charge delivery and the amplitude of the stimulus. To address these shortcomings, the
Naka-Rushton framework was expanded to incorporate three key factors: total charge, amplitude, and
duration. Total charge (Q(d, A)) serves as the fundamental driver of response thresholds and
saturation, with higher charges typically eliciting stronger responses until saturation occurs.
Amplitude (A4) is crucial, as higher amplitudes delivered over shorter durations may increase
effectiveness by rapidly activating more responsive neural elements. Finally, duration (d) might
diminish effectiveness when the same total charge is spread over a longer time, potentially due to
neural adaptation or suboptimal recruitment dynamics. This extended framework could be
mathematically expressed as a custom three-factor Naka-Rushton-like model, better equipped to

capture the nuances of stimulus-response dynamics.

Faay=r 47 [ ) 4 ) &
’ max " base| Q(d,4)"+o, || A"+o]

The first component of the model, enclosed in the initial parentheses, mirrors the single-factor
Naka-Rushton function that uses total charge per pulse as the primary factor. Next, an
amplitude-specific module is introduced to account for the increased effectiveness of higher
amplitudes at the same charge. The final module introduces a saturating function that decreases as the
duration d increases. The parameter J serves as a "reference duration," determining the point at which
the duration factor significantly diminishes the pulse's effectiveness. For very short durations (d < 9),
this ratio remains close to 1, emphasizing the heightened efficacy of short, high-amplitude pulses.
Conversely, for longer durations, the factor decreases, reflecting the idea that distributing the same
total charge over a longer time period is less effective in eliciting a strong response. This captures a
key principle of temporal dynamics in neural stimulation. While much of the source code developed
for this thesis is available in the accompanying repository, the importance of the proposed three-factor
Naka-Rushton function warrants its explicit presentation here, particularly with respect to the

implementation details of the duration saturation function (Figure 3-24).
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def naka_rushton_3d(inputs, r_max, sigma_Q, n, sigma_A, m, delta, p, r_base):
Extended Naka-Rushton model incorporating total charge, amplitude,
and duration to predict response probability.

Parameters:

- inputs: tuple (d, A), where:

d: Pulse duration

A: Pulse amplitude

- r_max: Maximum response level (R_max in Naka-Rushton equation)
- sigma_Q: Half-saturation constant for total charge
n: Hill coefficient for total charge

- sigma_A: Half-saturation constant for amplitude

- m: Hill coefficient for amplitude

delta: Scaling constant for duration effectiveness
- p: Hill coefficient for duration effectiveness
r_base: Baseline response (minimum response level)

Returns:
- Predicted response probability

d, A = inputs # Unpack inputs: pulse duration and amplitude
Q = total_charge(d, A) # Calculate total charge per pulse

# Naka-Rushton equation applied to total charge (Q)
NR_Q = (Q ** n) / (Q ** n + sigma_Q ** n)

# Naka-Rushton equation applied to amplitude (A)
NR_A = (A ** m) / (A ** m + sigma_A ** m)

# Duration factor: gives higher weight to shorter durations
# Diminishes as duration (d) increases, based on delta and p
Dur_factor = (delta ** p) / (delta ** p + d ** p)

# Combine all factors with baseline response
return r_base + r_max * NR_Q * NR_A * Dur_factor

Figure 3-24. Implementation of the extended three-factor Naka-Rushton function, modeling response
probabilities as a function of total charge, amplitude, and duration. The model integrates separate Naka-Rushton
equations for total charge and amplitude, with a duration-dependent scaling factor to account for the enhanced

effectiveness of shorter pulses.

The three-factor custom version of the Naka-Rushton function fitted the experimental data almost
perfectly (right panel in Figure 3-25 and Table 3-9). It achieved a goodness-of-fit R* of 1.000
(intentionally reported to four decimal places) and an average difference between predicted and actual
valid response rates of just 0.14%. Thus, with this three-factor model, we can better differentiate
conditions that have the same total charge but differ in how that charge is delivered, hopefully

providing more accurate predictions.
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The comparison between the single-factor and three-factor refined Naka-Rushton models highlights
notable differences in the predicted pulse durations required to achieve 50% and 90% response
probabilities. For 50% responses, the three-factor model predicted shorter durations compared to the
single-factor model: 13.60 ms for 300 pA (a reduction of 9.27%), 20.26 ms for 200 pA (a reduction of
9.19%), and 41.54 ms for 100 pA (a reduction of 4.94%). For 90% responses, the differences were
more pronounced, with the three-factor model predicting 18.37 ms for 300 pA (a reduction of
35.63%) and 29.86 ms for 200 pA (a reduction of 29.63%). It is worth noting that the three-factor
model did not provide a value for a 90% response at 100 pA, as the maximum modeled response for a
100 ms pulse at 100 pA was approximately 75%, making a 90% response unachievable within the
modeled parameter range. For a 5% response threshold, the three-factor model predicted pulse
durations of 10.15 ms for 300 pA, 15.25 ms for 200 pA, and 30.42 ms for 100 pA. Compared to the
single-factor model, these represent percentage increases of 0.90% (300 pA), 1.80% (200 pA), and
3.19% (100 pA). This difference underscores the importance of incorporating multiple factors to
refine predictive accuracy of the model and account for non-linear interactions between these
parameters. However, it is important to note, that due to the low density of the data matrix (three pulse
durations and three amplitude levels), this part of the calculations has a low level of reliability, and
more data points are required to achieve robust and reliable results for the predictive power of the

model.

The question remains how this model will perform in future experimental studies involving different
pulse durations and amplitudes, as well as with other participants and under varying experimental
conditions. The current implementation of the model (source code) is designed to work with data in
percentage form. However, the model can be easily adapted to accommodate data in other formats.
Additionally, as demonstrated later with the EEG data (Figure 3-31C), the data can be normalized to a
percentage scale using an external reference maximum, such as the response to visual stimulation,

when fitting the model to brain activity data from electrical stimulation.
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Figure 3-25. Comparison of single-factor and three-factor Naka-Rushton fits for predicting valid response rates.
The panel on the left presents the single-factor Naka-Rushton fit, using total charge per pulse (a product of
sinusoidal, biphasic pulse duration and amplitude) as the sole predictor of valid response rates for phosphene
perception. The panel on the right showcases the extended three-factor Naka-Rushton fit, which incorporates
total charge, amplitude, and duration as predictors. The contour maps illustrate the percentage of predicted valid
responses, with color bars indicating the response rate levels. The contour map levels are spaced by 5%
increments, resulting in 20 levels. Dashed black lines mark the 50% and 90% fitted valid response thresholds,
highlighting the interplay between pulse duration and amplitude. Observed data points are overlaid for reference
(X’s).

Table 3-9. Comparison of predicted and actual valid response rates (%) for the single-factor and three-factor
Naka-Rushton models. The single-factor model uses total charge per pulse as the sole predictor, while the
three-factor model incorporates total charge, amplitude, and duration. Average absolute differences between the
actual data and the fitted data highlight a clear distinction between the models, with the single-factor
Naka-Rushton model showing a larger difference of 3.54 compared to the much smaller difference of 0.14 for the
three-factor model. Notably, the bolding and underlining of selected values draw particular attention to the

differences observed for the 100 ms 100 uA pulse, which has the same total charge as the 50 ms 200 uA pulse.

Trial Type

Function 10 ms 50 ms 100 ms
Values
Type

100 200 300 100 200 300 100 200 300
HA MA HA HA HA HA HA HA HA

Single-Factor | Predictions 0.56 0.74 4.96 68.12 | 90.31 | 90.43 | 90.31 | 90.43 | 90.43

Actual 0.99 0.76 4.44 68.34 | 91.88 [ 95.09 | 74.90 | 93.81 | 96.08

Difference -0.44 | -0.02 | 0.52 -0.22 | -1.56 | -4.66

—
o
>
—

-3.38 | -5.65

Three-Factor Predictions 0.86 0.90 4.44 68.34 | 92.12 | 94.85 | 74.90 | 93.56 | 96.32

Actual 0.99 0.76 4.44 68.34 | 91.88 [ 95.09 | 74.90 | 93.81 | 96.08

Difference -0.14 | 0.14 0.00 0.00 0.25 -0.24

o
(=
o

-0.25 | 0.24
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Key takeaways:

1. Assuming a 5% valid response rate as the threshold for phosphene perception, modeled data
suggests required pulse durations of 10.15 ms for 300 pA, 15.25 ms for 200 pA, and 30.42 ms
for 100 pA.

2. Longer pulse durations demonstrated response saturation, particularly evident when

comparing medium and long pulses.

3. Higher amplitudes consistently elicited strong responses, similar to those induced by light

stimuli, highlighting their effectiveness.

4. The standard Naka-Rushton model provided reasonable predictions but failed to account for

differences linked to the timing of charge delivery.

5. A custom three-factor model, integrating total charge, amplitude, and duration, significantly

improved the accuracy of predictions, emphasizing the role of amplitude in shorter pulses.

Response Times to Stimuli

The next step involved examining the response times to light stimulus and electrically evoked
phosphenes. Trials with non-effective 10 ms pulses at 100 pA and 200 pA were excluded from the
analysis and only valid responses were estimated from other trial types. The valid response time
values for the included trial types, along with the other basic descriptive statistics, are provided in
Table 3-10 and plotted in Figure 3-27A,B. The shortest response time (338.22 + 18.53 ms; mean +
SEM) was observed for the natural visual stimulus (100 ms LED flash), and the longest (521.10 +
60.32 ms) for the least effective pCS (10 ms 300 pA).
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Table 3-10. Descriptive statistics for valid response times for each trial type.

Trial Type
Statistic 10 ms 50 ms 100 ms
LED

300 pA 100 pA 200 pA 300 pA 100 uA 200 A 300 pA
Median 343.09 544.00 425.74 373.19 343.55 426.53 382.81 368.69
Mean 338.22 521.10 444.99 386.59 369.03 453.44 396.26 382.28
SEM 18.53 60.32 16.78 16.02 15.84 18.10 16.02 15.65
SD 80.76 233.60 73.14 69.82 69.06 78.87 69.81 68.20

SEM - standard error of the mean; SD - standard deviation

We first conducted a one-way ANOVA to investigate the effect of the fixed factor “Trial Type” on the

dependent variable “Valid Response Time”. Levene's test for equality of variance indicated a violation

of the homogeneity of variance assumption. As a result, Welch's ANOVA, which corrects for unequal

variances, was applied to ensure the robustness of the analysis. The results revealed a statistically

significant effect of trial type on valid response time (F(7, 58.864) = 4.9, p-value < 0.001, n> = 0.219).

The partial eta-squared indicates a medium effect size, suggesting that 21.9% of the variance in valid

response time can be attributed to differences between trial types. The post-hoc pairwise comparisons

were performed using Tukey’s correction for multiple testing to identify the specific trial types

responsible for the observed effect. The statistically significant comparisons are summarized in Table

3-11.
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Table 3-11. Summary of post-hoc pairwise comparisons for valid response times across trial types.

Comparisons - Trial Types Mean t Cohen’s d p-valuey.,
Difference

LED 10 ms 300 pA -182.88 -5.23 -1.81 <.001***
50 ms 100 pA -106.77 -3.25 -1.06 0.03*
100 ms 100 pA -115.22 -3.51 -1.14 0.014*

10 ms 300 pA 50 ms 100 pA 76.11 ms 2.18 0.75 0.372
50 ms 200 pA 134.51 3.85 1.33 0.004**
50 ms 300 pA 152.07 4.35 1.50 <.001***
100 ms 100 pA 67.66 ms 1.94 0.67 0.529
100 ms 200 pA 124.84 3.57 1.23 0.011*
100 ms 300 pA 138.82 3.97 1.37 0.003**

*** - p-value < 0.001, ** - p-value < 0.01, * - p-value < 0.05

The 10 ms 300 pA trials evoked responses significantly later than the LED stimulus and then other
300 pA and 200 pA trials. Also for both 100 pA stimuli (50 ms and 100 ms) response times were
longer than for LED light and no different from 10 ms 300 pA (Table 3-11). This effect is comorbid
with valid response rates as the detection of 100 pA stimuli was also lower than for light stimulus

(Figure 3-23, Table 3-7, 3-8).
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Figure 3-27. Comprehensive analysis of valid response times across trial types and stimulation parameters. (A)
Bar plots illustrate the mean valid response times with standard error of the mean (SEM). Statistical significance
markers indicate the results of post-hoc tests comparing the 100 ms LED flash with other trial types. The dashed
horizontal line in the periorbital current stimulation (pCS) graphs represents the mean valid response time for the
100 ms LED flash, serving as a reference. (B) Raincloud plots, comprising kernel density estimation, scatter
plots, and box plots, visualize the distribution of values for each trial type. The white dots within the box plots
represent the median values. Statistical significance markers indicate the results of post-hoc tests comparing
pCS 10 ms 300 uA pulse with other trial types. Similarly, the black dashed line denotes the mean valid response
time for the 100 ms LED flash for reference. (C) The line graph with SEM compares valid response times for pCS
pulses of 50 ms and 100 ms, analyzed through a mixed ANOVA for pulse duration and amplitude. The statistical
significance markers in the legend indicate no significant differences for the pulse duration factor (n.s.) and
significant differences between subsequent amplitude levels (asterisks). Dashed lines represent the mean valid
response times for the 100 ms LED flash (orange) and the 10 ms 300 uA pCS (light gray). (D) Scatter plots with
fitted linear regression models display valid response times separately for 50 ms pulses (left) and 100 ms pulses
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(right) across amplitudes of 100, 200, and 300 uA. Statistical significance markers: *** - p-value < 0.001, ** -
p-value < 0.01, * - p-value < 0.05, n.s. - p-value >= 0.05.

In addition, in order to test both the impact of pulse length, pulse amplitude, as well as the potential
interaction between the two factors for 50 and 100 ms pulses, we performed a one-way ANOVA in a
mixed scheme, where the dependent variable was “Valid Response Time,” and the fixed factors were
“Pulse Duration” and “Pulse Amplitude”. For pulse length, the results were found to be statistically
insignificant (F(1, 108) = 0.608, p-value 0.437, n* = 0.005) and there was no interaction of factors
(F(2, 108) = 0.012, p-value = 0.989, n* = 0.000). However, for the amplitude factor, we noted
statistical significance (F(2, 108) = 11.126, p-value < 0.001, n?> = 0.170), attesting to the role of this
factor in the observed valid response time results. The post-hoc tests (Tukey's) showed that there were
significant differences in response times between the amplitude levels of 100 pA and 200 pA (Mg =
57.797, t = 3.520, p-value = 0.002, d = 0.807) and 300 pA (Mg = 73.560, t = 4.480, p-value < 0.001,
d = 1.028). In contrast, there were no significant differences between the 200 and 300 pA levels (Mg
= 15.753, t = 0.960, p-value = 0.604, d = 0.220). The results for this comparison are presented in
Figure 3-27C.

The linear regression models further confirm the observed trends for the pulse amplitude. For 50 ms
pulses, valid response times decreased by 0.38 ms for every 1 pA increase in amplitude. This value is
derived from the regression equation: response time = 476.16 - 0.38 x amplitude, where 476.16
represents the intercept (the estimated response time at 0 pA) and -0.38 is the slope (the rate of change
in response time per unit increase in amplitude). The model explains 91% of the variance in response
times (R? = 0.91). For 100 ms pulses, response times decrease by 0.36 ms per 1 pA increase in
amplitude, with an intercept of 481.82 and a slope of -0.36. This model accounts for 89% of the

variance in response times (R? = 0.89).

Key takeaways:

1. Fastest response to light flash: Participants responded the quickest to the LED flash, with a

mean response time of 338.22 &+ 18.53 ms.

2. Higher amplitudes of current pulses consistently lead to faster response times, with minimal

differences between the pulse durations (within a considered range of 50 and 100 ms).

3. Very short current pulses were least effective in evoking detectable phosphenes. The 10 ms
pulse hardly reached the detection threshold of 5% at 300 pA intensity. The low probability

of detection was accompanied by the slow response time (521.10 &+ 60.32 ms).
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Electrical and Visual Evoked Potentials

The neural responses elicited by both visual (LED flash) and periorbital pulsed current stimulation
(pPCS) in a form of single biphasic sinusoidal pulses were visualized as of evoked potentials for the
occipital electrode cluster (PO7, PO3, POz, PO4, POS, O1, Oz, 02) (Figure 3-28). This cluster was
specifically chosen to capture activity from the primary visual cortex and surrounding regions, which
are critical for processing visual stimuli and phosphene perception. For the 100 ms LED flash
condition (Figure 3-28C), we observed clear, distinct P1 components around 100 ms post-stimulus
and later positive activity in the 150-300 ms window. The P1 component is consistent with early
visual cortical processing in response to light stimuli (Luck, 2014), while the later activity in the
150-300 ms range likely reflects higher-order processing, which is linked to perceptual integration and
attentional allocation (Di Russo et al., 2002). The full-sensor topographical maps for the 150-300 ms
window notably reveal an occipitoparietal source, reinforcing its association with the visual

perceptual processing of the stimuli (see Figure 3-28C, bottom topographical map).

In the pPCS conditions, however, the interpretation of early evoked response in the time window from
the stimulus onset to its end is less straightforward. Clear, positive P1-like wave (e-P1) was detectable
in EEP, however its latency seemed to overlay with the end of current pulse for 50 and 100 ms trials.
Only for the shortest, 10 ms pulses the first positive e-P1 peak appeared after the completion of
stimulation - at around 26-30 ms. There was also a linear increase in e-P1 amplitude (Table 3-12) with
rising current intensity (100, 200, 300 pA, respectively) for subsequent pPCS trial types suggests that
residual artifacts from the current pulses remain in the signal, despite ICA and other preprocessing
steps. This is further supported by the topographical maps for e-P1 for pPCS trial types, which reveal
a frontal dipole configuration that is uncharacteristic of true occipital neural activity. These
observations imply that the early responses in the stimulation window are strongly contaminated (if

not dominated) by residual artifacts rather than genuine neural activity.
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Figure 3-28. Visualization of grand average visual evoked potentials (VEPs) and electrical evoked potentials
(EEPs) across occipital electrodes for LED and periorbital current stimulation (pCS) conditions. (A) A cluster of 8
occipital electrodes (PO7, PO3, POz, PO4, PO8, 01, Oz, O2) was selected to illustrate the grand average VEPs
and EEPs. (B) The global field power (GFP) for the occipital cluster is displayed for the 100 ms LED flash
condition, showing the overall signal strength and variability across the selected electrodes. (C) The VEP for the
100 ms LED flash condition reveals a prominent P1 component approximately 100 ms after stimulus onset. The
orange-shaded area indicates the duration of the visual stimulation. The right side of the panel shows two
topographical maps: the upper map presents the voltage distribution at the peak amplitude of the VEP observed
at 115 ms, while the lower map depicts the average voltage distribution between 150-300 ms. Both maps
highlight occipital activation, with the "+" symbol marking the spatial location of the maximum voltage at the lower
map. (D-F) The panels show VEPs and EEPs for different conditions of pCS: 100 ms (D), 50 ms (E), and 10 ms
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(F) pulses with amplitudes of 100 uA, 200 uA, and 300 uA. Each subplot contains the averaged signal across the
occipital cluster, with vertical dashed lines marking the stimulus onset. The topographical maps in each condition
illustrate the spatial distribution of the response at specific time points, indicating occipital activation at the lower

maps i.e. devoted to the 150-300 ms time window.

Table 3-12. Maximum and minimum values from topographical maps (topomaps) for first positive amplitude peak
(P1 and e-P1) after first negative peak (N1), as shown in Figure 3-28. Trial types. Trial types: 0: 100 ms LED
Flash, 1: 10 ms 100 uA, 2: 10 ms 200 A, 3: 10 ms 300 uA, 4: 50 ms 100 uA, 5: 50 ms 200 uA, 6: 50 ms 300 UA,
7: 100 ms 100 pA, 8: 100 ms 200 uA, and 9: 100 ms 300 uA, respectively.

Trial Type

P1/eP1
Amplitude 10 ms 50 ms 100 ms
[uv] LED 100 200 300 100 200 300 100 200 300

HA HA HA MA HA HA HA HA HA
Max 1.36 0.12 0.16 0.23 0.62 0.88 1.00 0.86 1.17 1.12
Min -0.86 -0.14 -0.15 -0.18 -0.47 -0.70 -0.80 -0.70 -0.76 -0.77
Latency [ms] 115 30 26 28 55 55 55 101 101 99

Computational Simulations of Stimulation Artifact

To further investigate whether the waves observed in the stimulation window reflect genuine neural
response or residual artifacts, we conducted a series of computational simulations. In these
simulations, we injected sinusoidal pulses, both without and with added noise, into clean rest EEG
data to evaluate the performance of ICA in artifact removal (Figure 3-29). When pulses without noise
were injected, ICA successfully isolated them in a single component, and excluding this component
restored the initial signal with high fidelity. However, when noise was added to the pulses before their
injection, ICA struggled to clearly separate the pulses from the rest of the EEG signal. In such cases,
ICA identified multiple components (e.g., two) containing pulse representations. These components
closely resembled the evoked potentials recorded for pPCS conditions, particularly in the stimulation
window. Although removing all such components resulted in a reasonably clean signal, it also led to a
flattening of the "stimulation window," indicating some loss of information. These simulation results,
combined with the preprocessing steps applied to the experimental data, suggest that during the
preprocessing of procedure block signals, some components containing partial representations of
pPCS artifacts may not have been fully removed. This residual artifact likely represents the main
source of the amplitude observed in the stimulation window, which is further supported by the linear
relationship of e-P1 amplitude and latency with current amplitude for subsequent values of 100, 200,

and 300 pA.
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Figure 3-29. Simulated evaluation of independent component analysis (ICA) performance in removing pulse
artifacts from EEG signal. (A) Overview of preprocessing steps. Rest EEG data was loaded, and a 1.0 Hz
high-pass filter was first applied to remove slow-drift activity before pulse injection. Sinusoidal current stimulation
pulses were created and injected into the Fp1 and Fp2 channels with varying levels of added noise. Noise was
generated as random values sampled from a Gaussian distribution with a mean of zero and a standard deviation
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proportional to the pulse amplitude, scaled by a specified noise factor (Noise Factor = 0.00, 0.01, or 0.10). For
example, a higher noise factor resulted in greater distortion of the sinusoidal pulses. After pulse injection,
average re-referencing was applied to spread the artifacts across all channels. Standard preprocessing steps,
identical to those used for the procedure blocks with real single-pulse periorbital current stimulation (pCS)
artifacts, were then applied, including a 1.0 Hz high-pass filter, a 50 Hz notch filter, and a 40 Hz low-pass filter.
These filters are critical for noise removal but can introduce edge artifacts, particularly when applied to
high-amplitude pulse artifacts in EEG signals, especially if the sampling frequency of the signal is relatively low
and if pulse artifacts are of high amplitude and short duration. Finally, ICA was performed to identify and exclude
components representing pulse artifacts, and averaged epochs for the 'Oz' channel were visualized to evaluate
the effectiveness of artifact removal. (B) Sinusoidal, biphasic, 100 ms pulses with varying noise levels. Pulse
shapes were modified by adding random noise scaled by a noise factor as mentioned above. (C) Performance of
ICA for signal with injected pulses without noise. When no noise was added, ICA successfully identified a single
component that clearly represented the pulse artifact. This allowed for effective removal of the artifact from the
signal by the exclusion of the component. (D) Performance of ICA for signal with injected pulses with noise (noise
factor = 0.10). For higher noise levels, ICA identified at least two components that partially represented the pulse
artifact. Segments marked with red squares (1 and 2) show temporal patterns that closely resemble the averaged
evoked potentials observed for pCS conditions in Figure 3-28D-F. This resemblance suggests that the pulse
artifact, when distributed across multiple independent components, becomes difficult to fully exclude, as some
components containing artifact-related signals may also include genuine neural activity and thus are not
removed. As a result, the residual pulse artifacts in these components, when averaged across epochs, contribute
to the patterns observed in the evoked potentials for pCS conditions. This highlights the challenges in achieving
precise artifact removal without compromising genuine neural signals. (E) The averaged evoked potentials for the
'Oz’ electrode are shown for conditions with no pulse injection and for simulated pulses with Noise Factors of
0.00, 0.01, and 0.10. In the no-pulse condition, the signal remains clean and artifact-free. For noise factor = 0.00,
ICA effectively removes the pulse artifact, restoring the original signal. However, as the noise factor increases,
ICA struggles to fully isolate the artifact within a single component, instead requiring the exclusion of multiple
components. This results in flattened or distorted responses within the stimulation window (0.0-0.1 s) and
potential artifact residuals if not all components containing artifact representations are excluded. These findings
indicate that higher noise levels hinder ICA's ability to accurately separate and remove pulse-related
components, leading to either residual artifact contamination or loss of genuine neural activity. This limitation is

particularly relevant to real-life scenarios involving pCS artifacts in EEG signals.

Analysis of P2 Component

The simulation confirmed that the earliest EPP window is contaminated by the artifact of electric
stimulus. Therefore, to focus on genuine neural activity, the analysis was shifted to later time windows
that are less affected by artifacts. As evidenced in Figure 3-30C, the 150-300 ms time window reveals
a clear positive potential following the LED flash. This activity, based on topographical maps, is
strongly localized in the occipital region, with a maximum centered over the Oz electrode. The spatial

distribution and timing of this activity suggest that it is associated with the late P2 component, which
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reflects higher-order visual information processing, including perceptual integration and attentional

allocation (Luck, 2014; Di Russo et al., 2002).

Interestingly, this positive potential was not unique to the LED flash condition. It was also observed in
pPCS conditions for electrical pulses lasting 50 ms and 100 ms, within full amplitude range (100, 200,
and 300 pA, Figure 3-28C). The presence of this activity across these pPCS conditions suggests that
similar neural mechanisms may be engaged during the perception of phosphenes induced by electrical
stimulation. This positive potential is notably absent for 10 ms pulses, indicating that such short
pulses may fail to evoke notable occipital activation at the level necessary to elicit phosphenes.
Indeed, this pattern of positive activity in the 150-300 ms window paralleled behavioral results (valid
response rate and valid response time). Conditions that elicit higher valid response rates and faster
response times are precisely those that show pronounced positive potentials in this time window. This
suggests that the observed activity in the occipital region during this period is closely tied to the
processing of visual stimuli, whether in the form of an LED flash or phosphenes induced by electrical

stimulation.

Given these findings, the 150-300 ms time window emerges as a critical period for inter-condition
analysis. Additionally, the Oz electrode, where the topographical maximum of this potential is
observed, provides a focal point for these comparisons (see Figure 3-28C, bottom topographical maps,
and Table 3-13). Thus, for each participant, we selected the Oz electrode and calculated the average
potential over the 150-300 ms window for each trial type (see results in Figure 3-30). Descriptive

statistics, including means, are presented in Table 3-14.

Table 3-13. Maximum and minimum values (uV) from topographical maps (topomaps) for the time window
150-300 ms, as shown in Figure 3-28C-F. These values represent data from the entire map, with the maxima
marked by white crosses on the lower topomaps in Figure 3-28. Notably, the maxima consistently appeared near

the Oz electrode’s region.

Trial Type

P2 10 ms 50 ms 100 ms

LED
100 pA | 200 yA | 300 pA | 100 pA | 200 pA | 300 pA | 100 uA | 200 pA | 300 pA

Max 1.36 0.12 0.16 0.23 0.62 0.88 1.00 0.86 1.17 1.12

Min -0.86 -0.14 -0.15 -0.18 -0.47 -0.70 -0.80 -0.70 -0.76 -0.77
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Table 3-14. Descriptive statistics for the average potential (uV) over the 150-300 ms window for each trial type.

Trial Type
Statistic 10 ms 50 ms 100 ms
LED
100 pA | 200 pA | 300 pA | 100 A | 200 uA | 300 pA | 100 pA | 200 pA | 300 uA
Mean 1.269 -0.086 | -0.044 | 0.070 0.561 0.849 0.976 0.691 1.078 1.022
SEM 0.279 0.063 0.076 0.095 0.163 0.171 0.211 0.132 0.221 0.237

SEM - standard error of the mean

The observed average values reflect the trends identified earlier in the behavioral data. Specifically,
the highest average amplitude was recorded for the 100 ms LED flash (1.269 uV), while for the 10 ms
pulse, the potential amplitude in this window was close to zero. Among the 50 and 100 ms pulses, the
amplitude was lower than for LED, with a visible tendency to increase with the duration and

amplitude of the current stimulus.

To statistically compare these averages and determine the presence of a stimulation-type effect, we
conducted a one-way ANOVA. The dependent variable, “Average of P2”, was defined above, while
the fixed factor, “Trial Type”, represented the type of stimulation (visual or pPCS). Since Levene’s
test indicated significant heterogeneity of variances (p-value < 0.001), Welch’s correction was applied
to ensure the robustness of the statistical comparisons. A one-way ANOVA showed a significant
effect of stimulation type, F(9, 72.369) = 12.654, p-value < 0.001, n> = 0.279. Post-hoc comparison
(Table 3-15) was first focused on the LED versus pPCS pairs which came out to be significant only
for the shortest, 10 ms stimuli (Figure 3-30A). Responses to these short stimuli were also different
from responses to most of the longer pulses (Figure 3-30B). On the other hand, the responses to 50

and 100 ms pulses of all current intensity were not significantly different from LED responses.
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Figure 3-30. Analysis of average potentials in the 150-300 ms time window for the occipital electrode Oz across
trial types. (A) Bar plots illustrate the mean potential calculated over the 150-300 ms time window for the Oz
occipital electrode for all participants considered in the analysis. Error bars represent standard error of the mean.
Statistically significance markers indicate the results of post-hoc tests comparing the 100 ms LED flash with other
trial types. The dashed horizontal line in the single-pulse periorbital current stimulation (pCS) subplots represents
the mean potential for the 100 ms LED flash, serving as a reference. (B) Raincloud plots, comprising kernel
density estimation, scatter plots, and box plots, visualize the distribution of values for each trial type. The white
dots within the box plots represent the median values. Statistical significance markers indicate the results of
post-hoc tests comparing 10 ms pulses with other pulse durations, excluding the LED flash, which was discussed
in the previous plot. Similarly, the black dashed line denotes the mean valid response time for the 100 ms LED

flash for reference.
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Table 3-15. Summary of post-hoc pairwise comparisons for 150-300 ms time window averaged potentials across

trial types.
Comparisons - Trial Types Mean t Cohen’s d p-valuey.,
Difference

LED 10 ms 100 pA 1.355 5.364 1.740 <.001***
10 ms 200 pA 1.312 5.195 1.685 <.001***
10 ms 300 pA 1.198 4.745 1.539 <.0071***

10 ms 100 pA 50 ms 200 pA -0.936 -3.705 -1.202 0.01*
100 ms 100 A | -1.063 -4.207 -1.365 0.002**
100 ms 200 pA | -1.165 -4.612 -1.496 <.001***
100 ms 300 pA | -1.108 -4.387 -1.423 <.0071***

10 ms 200 pA 50 ms 200 pA -0.893 -3.536 -1.147 0.018*
50 ms 300 pA -1.020 -4.038 -1.310 0.003**
100 ms 200 pA | -1.122 -4.442 -1.441 <.0071***
100 ms 300 pA | -1.065 -4.218 -1.368 0.002**

10 ms 300 pA 50 ms 300 pA -0.906 -3.588 -1.164 0.015*
100 ms 200 A | -1.008 -3.992 -1.295 0.004**
100 ms 300 pA | -0.952 -3.768 -1.222 0.008**

*** - p-value < 0.001, ** - p-value < 0.01, * - p-value < 0.05

Moreover, we conducted linear regression analyses to examine the relationships between pulse
amplitude and the resulting averaged potentials for two, behaviorally effective pulse durations (50 and
100 ms). Similarly, for the 50 ms pPCS condition, the linear fit produced an intercept of 0.3805, a
slope of 0.0021, and an R? of 0.9520. In the case of the 100 ms pPCS, the intercept was 0.5991 with a
slope of 0.0017 and an R? of 0.6247. These regression parameters suggest slight but relatively stable

increase of potential values with stronger stimulation currents (Figure 3-31A).

The results of the mixed ANOVA with “Average P2” as the dependent variable and “Pulse Duration”
and “Pulse Amplitude” as fixed factors were based on a 2 x 3 comparison, where two durations (50,
100 ms) and three amplitudes (100, 200, 300 pA) were tested. The analysis revealed no statistically
significant main effects or interactions. Specifically, the main effect of pulse duration was not
significant (F(1, 108) = 0.733, p-value = 0.394, n?> = 0.006), indicating that variations in pulse duration
did not meaningfully influence the average P2 response. Similarly, the main effect of pulse amplitude
failed to reach statistical significance (F(2, 108) =2.291, p-value = 0.106), though the effect size (n? =

0.040) suggests an existence of a slight difference. Post-hoc comparisons for pulse amplitude did not

~ 143 ~



reveal statistically significant differences between any of the levels. However, the effect sizes
indicated a discernible trend: the comparison between 100 and 300 pA demonstrated a higher effect
size (d = -0.445) compared to the 100 vs 200 pA comparison (d = -0.403). Meanwhile, the difference
between 200 and 300 pA exhibited the lowest effect size (d = -0.042). Although these results were not
statistically significant, the observed trend in effect sizes suggests that larger amplitude differences
(e.g. 100 vs. 300 pA) may have a more noticeable, albeit non-significant, impact on the average P2

response (see Figure 3-31B).
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Figure 3-31. Comprehensive analysis of the 150-300 ms time window: (A) Linear regression results for averaged
amplitudes in the 150-300 ms time window across different single pulse amplitudes for 50 ms, and 100 ms
periorbital current stimulation (pCS), with R? values indicating goodness of fit. (B) Comparison of averaged
potentials in the 150-300 ms time window between 50 ms and 100 ms pCS, showing no significant differences
(n.s.). There were also no significant differences for the amplitude factor (n.s.). (C) Three-factor Naka-Rushton
model fit to normalized averages in the 150-300 ms time window, corresponding to the late P2 component for
convenience. The model incorporates pulse amplitude, duration, and total charge, with R? = 0.9948 and an
average absolute error of 2.22%. The "X" marks represent pCS data points used in the model. Note that the
response color scale reaches only 85%. (D) Topographical maps of averaged potentials in the 150-300 ms time
window for pCS (50 ms and 100 ms) and LED stimulation, demonstrating spatial distributions and highlighting

stronger occipital activation for LED.
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Naka-Rushton Model for EEP P2 Wave

We further explored the parametric space by applying our custom three-factor Naka-Rushton model to
characterize how total charge, amplitude, and saturated duration jointly influenced the average
potentials. For this analysis, we normalized the EEP data by setting the LED potential as the
maximum reference and the 10 ms 100 pA pPCS potential as the minimum reference creating 0-100%
scale normalized scale. This approach allowed us to interpret the pPCS results in direct relation to the
LED stimulation effect. The model demonstrated an excellent fit to the data, with a goodness-of-fit R?
of 0.9948 and an average absolute difference between the actual and predicted values of only 2.22%.
The modeling results, illustrated in Figure 3-31C, show how alterations in the stimulation parameters
can modulate the resulting evoked potentials. Detailed data on the actual values, predicted values, and

differences are provided in Table 3-16.

The results of the three-factor Naka-Rushton model for the 150-300 ms potential provided additional
insights into the required pulse durations for specific modeled response levels at given pulse
amplitudes. To achieve a modeled response of 50%, the required pulse durations were 51.32 ms for
100 pA, 26.36 ms for 200 pA, and 22.93 ms for 300 pA. For a modeled response of 10%,
representing the arbitrary electrophysiological threshold potential, the required durations were shorter:

15.91 ms for 100 pA, 11.36 ms for 200 pA, and 10.13 ms for 300 pA.

Topography of EEP P2 Wave

Finally, to gain insight into the spatial distribution of the recorded responses, we revisited
topographical maps for the 150-300 ms window under various stimulation conditions. These maps,
presented in Figure 3-31D, facilitate visual comparisons of the potential distributions elicited in
different trial types. The color scale is derived from the LED topographical map, ensuring consistent
referencing of minima and maxima across conditions. Despite the inability to analyze early visual
components due to the presence of current artifacts, this 150-300 ms window provides a confirmation
that visual processing related to single-pulse pPCS is occurring. Moreover, topography of 150-300 ms
wave offered a direct electrophysiological indication that information elicited by a current pulse
applied within the eyeballs is being processed in a manner comparable to the processing of LED flash
information. This finding is likely indicative of the site of generation of a phosphenic sensation,
particularly for the 50 and 100 ms pulses. Detailed interpretations will be discussed in the relevant

discussion section.
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Table 3-16. Predicted and actual normalized average potentials for the 150-300 ms time window for the

three-factor Naka-Rushton model which incorporates total charge, amplitude and duration of the current pulse.

Normalization is performed for the 10 ms 100 uA pulse potential as minimum and 100 ms LED flash potential as

maximum.
Trial Type
Values 10 ms 10 ms 10 ms 50 ms 50 ms 50 ms 100 ms | 100 ms | 100 ms
100 pA | 200 pA | 300 pA | 100 pA | 200 pA | 300 pA | 100 pA | 200 pA | 300 pA
Predictions | -0.78 5.94 9.61 4597 72.24 76.42 58.82 82.34 84.20
Actual 0.00 3.10 11.51 47.75 69.00 78.38 57.34 85.90 81.77
Difference -0.78 2.84 -1.91 -1.78 3.24 -1.95 1.48 -3.57 243

average absolute difference = 2.22; goodness of fit (R?) = 0.9948

Key takeaways:

The current artifact induced in the EEG signal cannot be fully removed from the EEP

waveform making it impossible to analyze early visual components.

Later component of the EEP waveform (150-300 ms post stimulus) reflects subsequent visual

processing of visual and electrically induced activity.

The effective current pulses (50 and 100 ms) elicit activity in the occipital region within the
150-300 ms window, comparable to the activity induced by the 100 ms LED flash. The
strongest activation occurs at the Oz electrode for both types of stimulation, emphasizing the

focal nature of the occipital response.

Electrophysiological activity observed with visual and current stimulation reflects trends
similar to those observed in the behavioral data, with lack or negligible response to 10 ms

pulse and comparable differences between effective 50 and 100 ms conditions.

Naka-Rushton model for pulse characteristics: A custom Naka-Rushton curve, based on total
charge, amplitude, and pulse duration saturation, effectively predicts the percentage of
activity induced relative to LED stimulation. The model achieves an error margin of 2.22%,
demonstrating its accuracy in modeling induced activity as a proportion of the maximum

response observed for LED.
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Changes in Resting-State Frequency Distribution Throughout the Experimental

Procedure

Between the experimental blocks, there were 3-minute rest periods during which the participants
relaxed with their eyes closed before proceeding to the next block. During these periods, we recorded
the EEG signal to investigate if and how its characteristics, particularly over occipital areas, would

change over time.

The analysis focused on the power of alpha band over the occipital electrodes cluster indicated a
noticeable increase in alpha power between the first and last rest block (Figure 3-32A). To further
investigate this trend, we applied linear regression modeling. The results indicated a positive slope
(3.10), suggesting a gradual increase in alpha power over time. The intercept (2.32) represents the
initial alpha power difference relative to the baseline, and the coefficient of determination (R? = 0.82)
demonstrates a strong fit of the linear model, explaining over 82% of the variance in the data (Figure
3-32B). However, this observed trend did not reach statistical significance when evaluated using
one-way ANOVA, possibly due to high resting-state alpha variability between participants (Table
3-17). The ANOVA results revealed no significant effect of the block factor on alpha power, F(5,
114) = 0.074, p-value = 0.0998, with a negligible effect size (n> = 0.003).
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Figure 3-32. Frequency results for the occipital cluster electrodes aggregated across all participants. (A)
Frequency distribution of the occipital electrodes cluster signals’ amplitude (absolute value of the complex FFT
output, in uV) in the 1-40 Hz range, grouped into 1 Hz bins. The frequency ranges for delta (1-4 Hz), theta (4-8
Hz), alpha (8-12 Hz), beta (12-30 Hz), and gamma (30-40 Hz) are indicated. The main bar chart shows the
distribution for the first rest block, with black horizontal dashes marking the peak values from the distribution of
the last rest block. (B) Relative differences between consecutive rest blocks for the alpha range (8-12 Hz)
expressed as percentage differences relative to the first rest block. Error bars represent the standard error of the

mean. The grey dashed line shows the linear regression model fitted to the data. (C) Power spectral density
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topographic maps calculated using Welch’s method for the alpha range (8-12 Hz) for the first and last rest blocks.

The difference between the blocks is also presented at the bottom of the panel. The color scales are normalized

separately: one set for the top and middle topomaps, and another for the bottom topomap. The occipital cluster
electrodes are marked with a white circles. These were electrodes: PO7, PO3, POz, PO4, PO8, O1, Oz, and O2.

Table 3-17. Descriptive statistics for alpha band (8-12 Hz) magnitudes across all participants, measured at the
occipital electrodes cluster for all rest blocks. These were electrodes: PO7, PO3, POz, PO4, PO8, O1, Oz, and

02.

Block Mean SEM STD

Rest 1 16.807 2.884 12.896
Rest 2 17.911 3.037 13.583
Rest 3 18.051 2.599 11.622
Rest 4 18.441 3.023 13.518
Rest 5 18.137 2.727 12.196
Rest 6 19.201 2.859 12.786

SEM - standard error of the mean; STD - standard deviation

Key takeaways:

1.

The alpha band activity was prominent in the EEG signal during the rest blocks, confirming

the relaxed state of participants.

Alpha power showed a trend of increase across subsequent rest blocks, as supported by linear
regression analysis. However, this trend was not statistically significant when tested with
ANOVA.

Large interindividual differences in alpha power were observed across participants. These
variations likely contributed to the lack of statistical significance in group-level analyses,

highlighting the high variability in resting-state neural activity between individuals.
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Effects of Pre-Stimulus Single-Pulse Periorbital Current Stimulation

(Study 2)

The primary aim of the second study was to examine how the electric stimulation would influence the
processing of the following visual stimuli. The analysis focused on VEP data from occipital electrodes
cluster, for which peak-to-peak amplitudes of their main waves (PIN1 and PIN2, see Figure 1-9)
were measured and compared between the initial prologue block, where the CPR visual stimuli
occurred independently and the procedure blocks in which CPR was preceded by current stimulation.
The effect of experimental manipulation was estimated by measuring, for each condition from
procedure and epilogue blocks, the amplitude change from the prologue values (the resulting values

are addressed in further text as relative amplitudes).
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Figure 3-33. lllustration of the visual evoked potential (VEP) analysis procedure for P1N1 and P1N2 relative
amplitudes. (A) Diagram showing the cluster of 7 occipital electrodes used for VEP extraction. (B) Example VEP
waveform grand-averaged across all participants and occipital cluster electrodes for the prologue block, with
marked N1, P1, and N2 components. The vertical dashed line indicates the onset of the checkerboard pattern
reversal (CPR). The shaded areas before the onset represent the time windows of periorbital current stimulation
(pCS), applied in the form of single pulses with specific durations (12.5, 25, 50, and 100 ms).

Global Stimulation Effect

First, we examined whether there was any cumulative effect of current stimulation. As can be seen on
the Figure 3-34, and in Table 3-18 the relative peak-to-peak VEP amplitudes (both PIN1 and P1N2
components) were negative, indicating that VEPs recorded during procedure blocks (averaged for all

current pulse parameters, excluding control/ no-current condition), were smaller than during the
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prologue. The Wilcoxon signed-rank test revealed that this effect was significant in the experimental
(EXP) group, for both PIN1 and PIN2 components (PIN1: V = 1200.5, p-value < 0.001, r =-0.709;
PIN2: V = 881.5, p-value < 0.001, r = -0.786, where r is Rank-Biserial Correlation). Conversely, for
the placebo (SHAM) group, no significant differences were observed for either component (P1N1: V
=3393.0, p-value = 0.081, r =-0.178; PIN2: V = 3773.5, p-value = 0.400, r = -0.086).

Next we tested if this global effect was dependent on the characteristic of current pulse stimuli. To
address this, we run a two-way ANOVA with a fixed factor for “Group”, comprising two levels: EXP
and SHAM. The second fixed factor, “Condition” included eight levels, i.e. conditions representing
current pulse applications of specific durations (100 ms, 50 ms, 25 ms, and 12.5 ms) and amplitudes
(100 pA and 200 pA), thereby excluding the control condition (see Figure 2-9). Table 3-18 presents
the summary descriptive statistics for relative amplitudes (for both PIN1 and P1N2) for all trials from

the EXP and SHAM groups.

Table 3-18. Summary statistics for PIN1 and P1N2 relative amplitudes, pooled from all experimental conditions
with current stimulation. Table includes median, mean, standard error of the mean (SEM), standard deviation
(STD), minimum, and maximum values for the experimental (EXP) and placebo (SHAM) groups. Amplitude data

represented as Z-Scored potential values.

P1N1 relative amplitude (change P1N2 relative amplitude (change
Descriptive from prologue) from prologue)
Statistic

EXP SHAM EXP SHAM
Median -0.266 -0.014 -0.164 -0.032
Mean -0.245 -0.023 -0.241 -0.013
SEM 0.031 0.012 0.024 0.015
STD 0.346 0.139 0.27 0.171
Minimum -1.254 -0.339 -0.701 -0.418
Maximum 0.441 0.293 0.423 0.404
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Figure 3-34. Global effects of periorbital current stimulation (pCS) preceding the visual CPR stimulus on VEP
amplitudes. (A) P1N1 relative (procedure minus prologue) peak-to-peak amplitude. (B) P1N2 relative
peak-to-peak amplitude. Left panels in (A) and (B) present mean Z-scores values with standard error of the
mean, right panels depict kernel density estimates of data with scatter plots and box plots. White dots in the box
plots represent medians. Statistical significance is marked by ** for the relative VEP amplitude difference from
zero (p-value < 0.001); and by *** (p-value < 0.001) for EXP versus SHAM comparison, highlighting the global
effect of pCS compared to the placebo group.

As indicated by the Shapiro-Wilk test, SHAM group data were normally distributed (PIN1, W =
0.985, p = 0.190; PIN2, W = 0.992, p-value = 0.680), while the EXP data deviated from normality
(PIN1, W = 0.934, p-value < 0.001; PIN2, W = 0.946, p-value < 0.001). However, given the high
Shapiro-Wilk statistics (close to 1), we conducted a closer, visual inspection of the distributions and
we found out that the EXP PIN1 distribution contained few outliers that influenced skewness (g, =
-0.611), while the PIN2 distribution appeared slightly bimodal without any outliers (g, = 0.059).
Despite these findings, we proceeded with the ANOVA since it is known to be relatively robust when
deviations from normality are not severe, as was the case in our data, and it allows to test for

interaction effects.

The analysis confirmed a significant main effect of “Group” (i.e. the global difference between EXP
and SHAM groups) on both the PIN1 and PIN2 relative amplitudes, with large effect sizes (Table
3-19). There was, however no significant main effect for “Condition” (representing pulse
characteristics) and no significant “Group” * “Condition” interaction for both tested VEP components
i.e. PIN1 and PIN2. The nonparametric Kruskal-Wallis test also confirmed significant “Group”
effects (p-value < 0.001, n? = 0.172) and lack of “Condition” effects (p-value = 0.999, n? = 0.000).
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Table 3-19. Summary of two-way ANOVA results for the P1N1 and P1N2 relative amplitudes, including the sum
of squares, degrees of freedom (df), mean square, F-statistic, p-values, and partial eta-squared (n? for the main

*

effects (group and condition) and their interaction term (group * condition). Amplitude data represented as

Z-Scored potential values.

Relative Cases Sum of df Mean F p-value n?

Amplitude Squares Square

P1N1 Group 3.139 1 3.139 42973 <.001*** 0.151
Condition 0.027 7 0.004 0.052 1.000 0.001
Group * 0.066 7 0.009 0.128 0.996 0.003
Condition
Residuals 17.530 240 0.073

P1N2 Group 3.326 1 3.326 61.878 <.001*** 0.204
Condition 0.003 7 0.000 0.009 1.000 0.000
Group * 0.064 7 0.009 0.169 0.991 0.004
Condition
Residuals 12.900 240 0.054

*** - p-value < 0.001

The post-hoc analyses using Tukey’s tests indicated that the EXP versus SHAM comparisons for
practically all the individual pulse conditions reached statistical significance with medium to large
Cohen’s d values (see Table 3-20, and Figure 3-35 for details). Only for the shortest impulse (12.5 ms)
applied with 200 pA, the PIN1 amplitude reduction was not significant (p = 0.084). There were no
evident tendencies for VEP amplitude changes to follow the duration or strength of the current

stimulation.
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Table 3-20. Mean differences (EXP minus SHAM) of relative VEP amplitudes, Cohen’s d, t-values, and adjusted
p-values from Tukey’s post-hoc comparisons between the EXP and SHAM groups, listed for each pulse condition

specified in the first column, for the P1N1 and P1N2 peak-to-peak relative amplitudes.

Relative Condition Mean Cohen’s d t p-valuey.,
Amplitude Difference:
EXP - SHAM

P1N1 100 ms 100 yA | -0.208 -0.770 -2.179 0.030*
50 ms 100 pA -0.254 -0.941 -2.662 0.008**
25 ms 100 pA -0.235 -0.870 -2.461 0.015*
12.5 ms 100 pA | -0.194 -0.717 -2.027 0.044*
100 ms 200 pA | -0.209 -0.773 -2.186 0.030*
50 ms 200 pA -0.272 -1.008 -2.851 0.005**
25 ms 200 pA -0.233 -0.863 -2.440 0.015*
12.5 ms 200 pA | -0.166 -0.614 -1.736 0.084

P1N2 100 ms 100 pA | -0.269 -1.159 -3.279 0.001**
50 ms 100 pA -0.172 -0.743 -2.103 0.037*
25 ms 100 pA -0.246 -1.062 -3.004 0.003**
12.5ms 100 pA | -0.205 -0.886 -2.507 0.013*
100 ms 200 pA | -0.236 -1.020 -2.884 0.004**
50 ms 200 pA -0.264 -1.137 -3.217 0.001**
25 ms 200 pA -0.234 -1.008 -2.852 0.005**
12.5 ms 200 pA | -0.197 -0.850 -2.403 0.017*

** - p-value < 0.01, * - p-value < 0.05
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Figure 3-35. Relative (procedure minus prologue) peak-to-peak VEP amplitudes for individual parameters (pulse
durations and amplitudes) of periorbital current stimulation in experimental and placebo groups. (A) P1N1 relative
peak-to-peak amplitude. (B) P1N2 relative peak-to-peak amplitude. Left panels in (A) and (B) present mean
Z-scores values with standard error of the mean; right panels depict data distributions using violin plots with

kernel density estimates for each condition. White dots within the individual violin plots indicate medians.

Key takeaways:

1. Periorbital current pulse stimulation, preceding checkerboard reversal visual stimulus, elicited
a significant, global reduction in VEP peak-to-peak PIN1 and P1N2 amplitudes (as compared

to control, prologue values) not seen in the SHAM group.

2. There were no apparent amplitude differences attributable to specific pulse characteristics

(duration or amplitude).
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Short-Term Temporal Generalization of the Stimulation Effects

As can be seen in Figure 3-36, the reduction of VEP peak-to-peak amplitude was also observed for the
control condition, i.e. CPR stimulus without preceding pPCS, that was present within each procedure
block (see Figure 2-9 in methods). In the EXP group, mean relative VEP amplitudes were -0.250 for
PIN1 and -0.235 for PIN2. Both were significantly different from zero, as indicated by the Wilcoxon
signed-rank test (V = 18, p-value = 0.008, r =-0.735 for PIN1; V =22, p-value = 0.016, r =-0.676 for
PIN2). For the SHAM group no VEP reduction was detected (relative amplitudes were not different
from zero, p-value = 0.782 for PIN1 and p-value = 1.000 for PIN2).
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Figure 3-36. Relative (procedure minus prologue) amplitudes of VEP evoked by control visual stimuli
(checkerboard pattern reversal not preceded by single-pulse periorbital current stimulation) applied within each
procedure block. (A) P1N1 relative peak-to-peak amplitude. (B) P1N2 relative peak-to-peak amplitude. Left
panels in (A) and (B) present mean Z-scores values with standard error of the mean; right panels depict kernel
density estimates of data with scatter plots and box plots. White dots in the box plots represent medians.
Statistical significance is marked for the relative VEP amplitude difference from zero as * (p-value < 0.01), or *
(p-value < 0.05); and by ** (p-value < 0.01) for EXP versus SHAM comparison, highlighting the short-term

generalization of current stimulation effects compared to the placebo group.

When the control condition was included in the two-way ANOVA analysis with all the pPCS variants
from procedure block, the global “Group” effect was preserved for PIN1 and P1N2, along with the
lack of “Condition” effects (Table 3-21), indicating that the control trials were no different from
stimulation trials. Indeed, post-hoc Tukey’s tests revealed no significant differences of the relative
amplitudes between control and any of current stimulation trials (Table 3-22). On the other hand, in a
between-group comparison for the control condition, the experimental group differed significantly
from the placebo group for both peak-to-peak relative amplitudes (Mg = -0.259, t = -2.753, d =
-0.973, p-value = 0.006 for PIN1, M= -0.236,t=-2.862, d =-1.012, p-value = 0.005 for P1N2).

~ 155~



Table 3-21. Summary of two-way ANOVA results for the P1N1 and P1N2 relative amplitudes, including the sum
of squares, degrees of freedom (df), mean square, F-statistic, p-values, and partial eta-squared (n? for the main
effects (group and condition) and their interaction term (group * condition) with the inclusion of control condition

with eight pCS conditions. Amplitude data represented as Z-Scored potential values.

Relative Cases Sum of df Mean F p-value n?

Amplitude Squares Square

P1N1 Group 3.666 1 3.666 51.701 <.001*** 0.160
Condition 0.032 8 0.004 0.057 1.000 0.001
Group * 0.076 8 0.009 0.133 0.998 0.003
Condition
Residuals 19.145 270 0.071

P1N2 Group 3.771 1 3.771 69.406 <.001*** 0.204
Condition 0.006 8 0.001 0.014 1.000 0.000
Group * 0.064 8 0.008 0.147 0.997 0.003
Condition
Residuals 14.668 270 0.054

*** - p-value < 0.001
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Table 3-22. Mean differences (single-pulse periorbital current stimulation [pCS] condition minus control condition)
of relative VEP amplitudes, Cohen’s d, t-values, and adjusted p-values from Tukey’s post-hoc comparisons
between the pCS and control conditions, listed for each pulse condition specified in the second column, for the

P1N1 and P1N2 peak-to-peak relative amplitudes.

Relative Condition Mean Difference: Cohen’s d t p-valueyy
Amplitude pCS Condition -
Control

P1N1 100 ms 100 pA -0.019 -0.283 -0.071 1.000
50 ms 100 pA 0.001 0.018 0.004 1.000
25 ms 100 pA -0.020 -0.295 -0.074 1.000
125 ms 100 pA | -0.017 -0.253 -0.063 1.000
100 ms 200 pA -0.012 -0.178 -0.045 1.000
50 ms 200 pA -0.028 -0.414 -0.104 1.000
25 ms 200 pA 0.003 0.050 0.013 1.000
12.5ms 200 pA | -0.021 -0.320 -0.080 1.000

P1N2 100 ms 100 pA -0.001 -0.013 -0.003 1.000
50 ms 100 pA -0.012 -0.201 -0.050 1.000
25 ms 100 pA -0.013 -0.222 -0.056 1.000
12.5ms 100 pA | -0.010 -0.174 -0.043 1.000
100 ms 200 pA -0.009 -0.156 -0.039 1.000
50 ms 200 pA -0.011 -0.189 -0.047 1.000
25 ms 200 pA -0.010 -0.176 -0.044 1.000
12.5ms 200 pA | -0.013 -0.220 -0.055 1.000

Importantly, in the epilogue block, where only visual stimulation (CPRs) was applied (without
preceding current pulses), VEP peak-to-peak amplitudes were not different from the prologue data
(Figure 3-37), i.e. their relative amplitudes were not different from zero, as confirmed by the
one-sample Wilcoxon test (EXP group PIN1: V = 64.000, p-value = 0.847, r = 0.067; PIN2: V =
50.000, p-value = 0.599, r = -0.167; SHAM group PIN1: V = 87.000, p-value = 0.348, r = 0.279;
PIN2: V =75.000, p-value = 0.744, r = 0.103).

In addition, we performed a one-way ANOVA to test for epilogue intergroup differences. Statistical
significance was tested, first with Levene’s test for equality of variances, which revealed significant
differences between groups (F(1, 29) = 5.519, p-value = 0.026), prompting the use of Welch’s

correction for the one-way ANOVA. The corrected analysis indicated no significant differences
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between the VEP relative amplitudes from experimental and placebo groups (F(1, 21.659) = 0.052,
p-value = 0.822), with an extremely small effect size (n? = 0.002) (Figure 3-37).
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Figure 3-37. Relative (epilogue minus prologue) VEP amplitudes of VEPs from final (epilogue) experimental
block, during which no current stimulation was applied before checkerboard pattern reversal. (A) P1N1 relative
peak-to-peak amplitude. (B) P1N2 relative peak-to-peak amplitude. Left panels in (A) and (B) present mean
Z-scores values with standard error of the mean; right panels depict kernel density estimates of data with scatter
plots and box plots. White dots in the box plots represent medians. There were no statistically significant
differences neither when testing relative amplitudes difference from zero as well as between EXP and SHAM
groups.

Key takeaways:

1. The amplitude of VEP response to control visual stimulation, intermingled in a series of
paired current + visual stimuli, was influenced (reduced) just as the responses to stimuli

directly preceded by pPCS.

2. The lack of differential effects based on pulse characteristics, along with the impact on the
sole visual responses suggests that the generalization might have occurred, leading to merging
of partial effects related to individual pulse characteristics into a single, time-averaged current

stimulation effect.

3. The global, generalized stimulation effect (reduction of VEP amplitude in all the trial types),
observed in the procedure blocks, did not persist in the final experimental block (epilogue,
during which the current stimulation was discontinued), emphasizing the transient nature of

observed pPCS effects.
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Dynamics of VEP Amplitude Changes Between Procedure Blocks

The observations from the experimental group had a larger variance (their distributions were more
stretched and flattened as evidenced in Figures 3-34, 3-35, 3-36). Such large variance might have
resulted from participant's unequal susceptibility to stimulation, but also from a complex dynamics of
VEP amplitude changes between and within procedure blocks, which were pooled together in
previous analyses. Thus, we measured VEP parameters for each block separately (Figure 3-38) and

performed two-way ANOVA including “Group” and “Block” factors (Table 3-23).
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Figure 3-38. Relative (procedure minus prologue) peak-to-peak P1N1 and P1N2 VEP amplitudes for individual
procedure experimental blocks incorporating periorbital current stimulation conditions for the experimental and
placebo groups. Left panels present mean Z-scores values with standard error of the mean; right panels depict
data distributions using violin plots with kernel density estimates. White dots within the individual violin plots

indicate medians.
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Table 3-23. Two-way (group * block) ANOVA summary for the P1N1 and P1N2 relative amplitudes.

Relative Cases Sum of df Mean F p-value n?

Amplitude Squares Square

P1N1 Group 1.774 1 1.774 18.702 <.001*** 0.132
Block 0.184 3 0.061 0.646 0.587 0.014
Group * 0.069 3 0.023 0.241 0.868 0.005
Block
Residuals 11.380 120 0.095

P1N2 Group 2.051 1 2.051 35.004 <.001*** 0.214
Block 0.467 3 0.156 2.657 0.051 0.049
Group * 0.020 3 0.007 0.116 0.950 0.002
Block
Residuals | 7.030 120 0.059

*** - p-value < 0.001, * - p-value < 0.05

For the PINI1 relative amplitudes (Figure 3-38A), a two-way ANOVA revealed a significant main
effect of "Group," with no significant main effect of "Block" or their interaction (Table 3-23). For the
PIN2 relative amplitudes (Figure 3-38B), the two-way ANOVA (Table 3-23) showed a significant
main effect of "Group" and a trend-level main effect of "Block," suggesting a potential difference in
procedure effects across experimental blocks. However, the "Group * Block" interaction was not
significant, indicating that the progression of the effect over blocks was similar in EXP and SHAM

groups.
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Table 3-24. Tukey’s post-hoc comparisons for the fixed factor “Block” for the P1N1 and P1N2 relative amplitudes.

Relative Block Comparisons Mean t Cohen's d p-value
Amplitude Difference
P1N1 1 2 0.086 1.116 0.279 0.681
3 0.053 0.684 0.171 0.903
4 0.098 1.270 0.317 0.584
2 3 -0.033 -0.431 -0.108 0.973
4 0.012 0.154 0.039 0.999
3 4 0.045 0.585 0.146 0.936
P1N2 1 2 0.088 1.451 0.363 0.470
3 0.096 1.587 0.397 0.390
4 0.170 2.816 0.704 0.029*
2 3 0.008 0.136 0.034 0.999
4 0.083 1.364 0.341 0.524
3 4 0.074 1.228 0.307 0.610

* - p-value < 0.05

Post-hoc (Tukey's) comparisons indicated that the global (EXP and SHAM groups) progressive
decrease of PIN2 amplitude reached significance for the comparison between block 1 and 4 (Table
3-24). No significant differences were detected for any other blocks neither for PIN2 nor for PIN1
amplitudes (Table 3-24). Also no significant differences were detected between blocks within EXP
and SHAM groups (Table 3-25). Finally, the group effect was confirmed within blocks: for PIN1,
significant differences between groups were observed in blocks 1 and 3, while blocks 2 and 4 showed
trend-level effects; for PIN2, statistically significant differences between groups were observed across

all blocks (Table 3-26).
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Table 3-25. Tukey’s post-hoc group * block comparisons conditional on group.

Group Relative Block Comparisons Mean t Cohen's d | p-valueyy
Amplitude Difference
EXP P1N1 1 2 0.074 0.681 0.241 0.904
3 0.095 0.869 0.307 0.821
4 0.081 0.741 0.262 0.880
2 3 0.020 0.188 0.066 0.998
4 0.007 0.060 0.021 1.000
3 4 -0.014 -0.128 -0.045 0.999
P1N2 1 2 0.067 0.779 0.275 0.864
3 0.106 1.234 0.436 0.606
4 0.153 1.784 0.631 0.286
2 3 0.039 0.455 0.161 0.968
4 0.086 1.005 0.355 0.747
3 4 0.047 0.550 0.194 0.946
SHAM P1N1 1 2 0.098 0.897 0.317 0.807
3 0.011 0.099 0.035 1.000
4 0.115 1.055 0.373 0.717
2 3 -0.087 -0.798 -0.282 0.855
4 0.017 0.158 0.056 0.999
3 4 0.104 0.956 0.338 0.775
P1N2 1 2 0.109 1.274 0.450 0.581
3 0.086 1.011 0.357 0.744
4 0.188 2.198 0.777 0.130
2 3 -0.023 -0.263 -0.093 0.994
4 0.079 0.924 0.327 0.792
3 4 0.102 1.187 0.420 0.636
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Table 3-26. Tukey’s post-hoc group * block comparisons conditional on block.

Relative Block Mean t Cohen's d p-valuey.,
Amplitude Difference:
EXP - SHAM

P1N1 1 -0.229 -2.102 -0.743 0.038*
2 -0.205 -1.887 -0.667 0.062
3 -0.313 -2.872 -1.015 0.005**
4 -0.195 -1.788 -0.632 0.076

P1N2 1 -0.268 -3.129 -1.106 0.002**
2 -0.225 -2.635 -0.931 0.010**
3 -0.287 -3.353 -1.185 0.001**
4 -0.232 -2.716 -0.960 0.008**

** - p-value < 0.01, * - p-value < 0.05

The lack of VEP amplitude reduction in the epilogue (Figure 3-37) suggested that the stimulation
effects, despite the generalization within a 10 minutes procedure block, were not persistent enough to
survive 3 minute rest periods separating consecutive blocks. On the other hand, there was a trend
towards a progressive decrease in amplitude of the PIN2 component in successive procedure blocks,
suggesting that some effects were nonetheless cumulative over time. However, since it was observed
in both groups it probably reflected general factors, such as adaptation, rather than a direct result of

pPCS.

Given the observed trends, we decided to analyze the dynamics within procedure blocks. VEPs from
all current stimulation trials of each segment (see Figure 2-9 for a reminder of the experimental
procedure scheme) were averaged, and relative amplitudes of peak-to-peak PIN1 and PIN2
components were calculated, as above. Obtained data and their linear regression lines are plotted in
Figure 3-39 along the timeline of consecutive segments (i.e. in ~20 second steps). Details regarding

regression results are presented in Table 3-27.
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Figure 3-39. Relative peak-to-peak amplitudes from each segment of four procedure blocks and their linear

regression trends. (A) P1N1 and (B) P1N2. Data points represent averages over 18-second intervals (£ 2

seconds), with a 2.25 + 0.25 second gap due to the exclusion of the “Control” condition, where periorbital current

stimulation was not applied before checkerboard pattern reversal in the experimental group. Dashed lines

indicate linear regression fit for the respective procedure block.
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Table 3-27. Summary of linear regression results including slopes, intercepts, and coefficients of determination
(R?) for P1N1 and P1N2 relative peak-to-peak amplitudes across experimental (EXP) and sham (SHAM) groups
for individual procedure blocks. Statistical test results and their significance are included (t-test for slope,
two-tailed). The y-end value represents the estimated amplitude at the end of each block based on the regression

model (“inverted” intercept).

Relative Procedur | Group Slope Intercept | y-end R? t p-value
Amplitud | e Block
e
P1N1 1 EXP -0.007 -0.098 -0.315 0.363 -3.992 0.000***
SHAM -0.002 0.067 -0.008 0.037 -1.043 0.306
2 EXP -0.005 -0.177 -0.322 0.167 -2.370 0.025*
SHAM 0.001 -0.100 -0.073 0.009 0.510 0.614
3 EXP -0.005 -0.200 -0.352 0.178 -2.466 0.020*
SHAM -0.007 0.131 -0.085 0.226 -2.856 0.008**
4 EXP 0.000 -0.253 -0.258 0.000 -0.083 0.934
SHAM 0.002 -0.109 -0.062 0.015 0.661 0.514
P1N2 1 EXP -0.005 -0.109 -0.249 0.150 -2.219 0.035*
SHAM 0.000 0.088 0.079 0.001 -0.131 0.896
2 EXP 0.001 -0.217 -0.177 0.022 0.796 0.433
SHAM 0.002 -0.073 -0.024 0.026 0.872 0.391
3 EXP -0.003 -0.219 -0.304 0.061 -1.348 0.189
SHAM -0.002 0.017 -0.036 0.015 -0.643 0.526
4 EXP -0.004 -0.242 -0.351 0.118 -1.934 0.063
SHAM 0.001 -0.109 -0.089 0.003 0.300 0.766

*** _ p-value < 0.001, ** - p-value < 0.01, * - p-value < 0.05

For the relative PIN1 amplitude, the largest decrease in the EXP group was observed during the first
block of the procedure. This block exhibited the steepest slope, the greatest difference between the
intercept and y-end, and the strongest, most statistically significant R? fit (Table 3-27). While
decreases in amplitude were also observed in blocks 2 and 3, they were less pronounced compared to
block 1. In block 4, the decrease was negligible. These findings suggest a possible weak trend towards
partial transfer of the stimulation effect from one block to the next, which diminished in the absence
of further current stimulation, as evidenced by the epilogue data. Additionally, the negligible decrease
observed in block 4 may indicate the beginning of a plateauing effect, where the stimulation's

influence reached its maximum and further reductions became minimal.
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In the SHAM group, the slopes exhibited greater variability, alternating between negative and positive
values for subsequent blocks. Overall relative amplitude trend was negative meaning that, between
blocks 1 and 4 intercepts and y-ends decreased, but to lesser extent then in the EXP group (Table
3-26).

For the PIN2 relative amplitudes in the EXP group, the largest decrease was observed in the first
block of the procedure, characterized by the steepest slope. The intercepts decreased progressively
from block to block; but there was no such clear tendency for slopes, which also did not exhibit a
clear plateau in the fourth block, as seen with the PINI relative amplitude. Notably, the R* value was
statistically significant only in the first block, while the regression fit for the remaining three blocks
was not significant, likely due to high variability in the data across subsequent segments. In the fourth

block, however, the R? value was trend-level significant.

In the SHAM group, the slopes for PIN2 relative amplitudes remained close to zero, with regression
results being insignificant across all blocks. However, the intercepts showed a continuous decrease
across successive blocks, which, unlike in the EXP group, was not accompanied by a corresponding

decrease in y-end values.

Key takeaways:

1. The change of VEP amplitude was progressing along the procedure blocks more intensively
across earlier procedure blocks for both PINI1 and PIN2 relative amplitudes, with PIN1

effects reaching plateau earlier.

2. Group-specific differences: The experimental group exhibited clear and progressive effects,
particularly on PIN1 amplitudes, while the placebo group showed negligible trends for PIN1
and only mild decreases for PIN2 amplitudes, highlighting the distinct impact of
experimental conditions, and suggesting the co-occurrence of an adaptive mechanism

independent of current stimulation.

3. Amplitude-specific trends: PIN1 amplitudes demonstrated stronger and more consistent
within-block amplitude trend compared to PIN2, with higher R? values and steeper slopes,
whereas PIN2 amplitude showed a potential for the continuous, between blocks decrease of

amplitude in the experimental group.
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Dynamics of VEP Amplitude Within Epilogue Block

As previously noted, the peak-to-peak VEP amplitudes (PIN1 and PIN2 components) during the
epilogue were not different from the prologue i.e. the relative amplitudes were close to zero in both
the experimental (EXP) and placebo (SHAM) groups (see Figure 3-37). To investigate how these
amplitudes evolved over time within the epilogue block, we performed a linear regression analysis
analogous to that described for the procedure blocks, measuring relative amplitudes across the 15

segments constituting the epilogue.

The analysis revealed distinct trends for the PIN1 and PIN2 peak-to-peak amplitudes, highlighting
differential recovery patterns following the cessation of pPCS (see Figure 3-40 and Table 3-27). For
the PIN1 peak-to-peak amplitude in the EXP group, the slope was minimal (0.002), the intercept was
near zero (0.011), and the R? value was exceptionally low (R? = 0.008, p-value = 0.753). These
findings suggest a stable response with no meaningful change in PIN1 values over the successive
segments, indicating that the PIN1 peak-to-peak amplitude had fully returned to its pre-stimulation
baseline state. In contrast, the SHAM group showed a larger slope (0.015), a more negative intercept
(-0.063), and a moderately strong model fit (R* = 0.430, p-value = 0.008). This suggests that, unlike
the EXP group, there was segmental variability in PIN1 amplitudes in the SHAM group, potentially

reflecting non-experimental influences.

For the PIN2 peak-to-peak amplitude, a more dynamic pattern of recovery was observed. In the EXP
group, the slope (0.011) and intercept (-0.133) were larger than those for PIN1, and the R? value (R? =
0.354, p-value = 0.019) indicated a stronger linear relationship across segments. These findings
suggest a gradual trend towards recovery, with the PIN2 amplitude progressively approaching the
pre-stimulation baseline over the course of the epilogue. Interestingly, the SHAM group also exhibited
a recovery trend, likely reflecting the effects of repetitive visual stimulation alone. The SHAM group
had a slightly larger slope (0.016), a less negative intercept (-0.094), and a stronger model fit (R?> =
0.413, p-value = 0.010). These results indicate a comparable recovery trajectory in the SHAM group,

though it likely stems from mechanisms unrelated to pPCS.

Taken together, these results demonstrate that while the PIN1 peak-to-peak amplitude in the EXP
group returned to baseline with no discernible changes during the epilogue block, the PIN2 amplitude
exhibited a more prolonged recovery process. The SHAM group, in contrast, showed subtle recovery
trends for both components, with greater variability in PIN1 and a more pronounced recovery
trajectory for PIN2. These findings highlight the transient and component-specific nature of VEP
recovery dynamics and suggest that the cessation of stimulation leads to differential recovery

processes, with PIN2 being more susceptible to time-dependent changes following the last rest block.
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Figure 3-40. Linear regression trends and block-level averages for P1IN1 (A) and P1N2 (B) peak-to-peak
amplitudes. Panel A presents linear regression trends for P1N1 Z-scores under experimental (EXP, red) and
placebo (SHAM, blue) groups. The left subplot illustrates the relationship between segment number (independent
variable) and P1N1 Z-scores (dependent variable) in the epilogue block. Individual data points represent
averaged values for each of the 15 segments, with dashed lines indicating linear regression fits. Although the
epilogue block lacked predefined segments (as it included only checkerboard pattern reversal without preceding
current stimulation), it was divided info 15 segments, each comprising 8 epochs, averaged into single-point
values. Each segment lasted approximately 18 seconds (x 2), and the block’s total duration was about 5 minutes,
shorter than the procedure blocks (approximately 10 minutes). The right subplot summarizes the average P1N1
Z-scores across all blocks, with error bars indicating the standard error of the mean (SEM). Panel B follows the
same structure for P1N2 peak-to-peak amplitudes, displaying segment-level trends in the epilogue block (left)

and block-wise averages with SEM across all procedure blocks (right).
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Table 3-27. Summary of linear regression results including slopes, intercepts, and coefficients of determination

(R?) for P1N1 and P1N2 peak-to-peak amplitudes across experimental (EXP) and sham (SHAM) groups for the

last experimental procedure block - epilogue.

Relative Group Slope Intercept R? t p-value

Amplitude

P1N1 EXP 0.002 0.011 0.008 0.322 0.753
SHAM 0.015 -0.063 0.430 3.130 0.008**

P1N2 EXP 0.011 -0.133 0.354 2.668 0.019*
SHAM 0.016 -0.094 0.413 3.022 0.010**

** - p-value < 0.01, * - p-value < 0.05

Key takeaways:

1.

Recovery in the epilogue block indicates the transient nature of single-pulse pPCS effects,
with both PIN1 and PIN2 peak-to-peak amplitudes returning to baseline, and PIN2

demonstrating the most pronounced slope-based recovery.

Summary of the Results

Simulation of Electric Field Induced by Single-Pulse Periorbital Current Stimulation

The proper conductivity values. The default conductivity values provided in the SImNIBS
program for simulating the induced electric field are likely inaccurate. We recommend using
databases such as the one provided by the Swiss IT'IS Foundation, ensuring that conductivity

values are for frequencies not exceeding 1 MHz.

Edge effect and its correlates. The electrode’s edge effect is influenced by the current
density and the curvature of the electrode edge. Electrodes with sharper curvature or smaller
edges produce a more pronounced edge effect, leading to localized intensification of the

electric field.

Specificity of single-pulse periorbital current stimulation. The use of small self-adhesive
electrodes in single-pulse sinusoidal biphasic periorbital current stimulation achieves nearly
half the current density of conventional tDCS protocols, with a several-fold reduction in total
charge. This approach ensures greater specificity in targeting the initial visual pathway,

preserves effectiveness in stimulating the visual system even at significantly lower current
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levels, and enables integration with visual stimuli in experimental and rehabilitation

paradigms.

e Periorbital vs. frontal-occipital stimulation. The periorbital electrode configuration is
particularly suited for focusing stimulation on the eyeballs and anterior visual structures,
providing localized effects. The frontal-occipital configuration delivers broader stimulation,

covering also the optic nerves and occipital cortex.
Responses to Single-Pulse Periorbital Current and LED Stimulation (Study 1)

e Phosphene detection. Detection thresholds and latency were influenced by both current
amplitude and pulse duration, with shorter pulses necessitating higher amplitudes. A custom
three-factor Naka-Rushton model, incorporating total charge, amplitude, and duration,
accurately predicted valid response rates for pulses with specific characteristics. The 50 and
100 ms current pulses detection approached the response levels (accuracy and response times)

elicited by light stimuli.

e FEvoked potentials. Effective current pulses (50, 100 ms) elicited occipital activity
comparable to visual stimuli, with robust responses observed at the Oz electrode in the
150-300 ms window. Based on the electrophysiological response to LED-like current pulses,
it can be assumed that subjects experienced a phosphenic sensation, which was reflected in

their behavioral responses.
Effects of Pre-Stimulus Single-Pulse Periorbital Current Stimulation (Study 2)

e Global stimulation effect. Pre-stimulus periorbital current stimulation reduced PIN1 and
PIN2 VEP relative amplitudes. The effect was consistent across pulse characteristics. The
effect diminished during the epilogue block, after the cessation of current stimulation in the

epilogue block, indicating its transient nature.

e Short-term generalization. Current stimulation effects generalized during procedure blocks,
resulting in similar VEP amplitude reductions in all trials types including control

no-stimulation condition.

e Dynamics between procedure blocks. There was a weak trend for PIN2 relative amplitude
to decrease from block to block. Current stimulation effects on PIN1 relative amplitude

stabilized earlier than P1N2.
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Discussion

Computer Simulations as a Tool for Planning Electrical Brain

Stimulation

The aim of this dissertation was to assess the optimal configuration for single-pulse periorbital pulsed
current stimulation (pPCS) targeting the initial stages of the visual system, evaluate its impact on
visual system activity, and explore its modulation potential. First, a modeling approach was employed
to simulate the effects of electrode size, shape, and placement on the distribution and range of the
induced electric field. Such methods are increasingly utilized in basic neuroscience research and are
gradually being integrated into clinical applications (Haberbosch et al., 2019; Evans et al., 2020; Joshi
et al., 2023).

Current Density and Electrode Shape as the Prime Determinant of Edge Effect

The current density at the electrode surface, and in particular the edge effect, can influence the safety
and effectiveness of electrical stimulation from a technical and clinical point of view. Excessively
high concentration of the electric field at the electrodes’ edges can trigger safeguard mechanisms in
stimulation devices, interrupting the stimulation protocol. It may also lead to an uneven distribution of
the electric field across the stimulated surface, reducing the uniformity and precision of the
stimulation. Furthermore, this localized intensification can cause discomfort for the participant,

potentially limiting the tolerability and feasibility of the protocol (Minhas et al., 2011).

The edge effect results from the combined impact of boundary conditions (applied potential) and
electrode geometry (sharp edges, corners, etc.). These factors determine the local enhancement of the
potential gradient, which translates into increased electric field intensity. According to Ohm’s law for
electrolytes, this stronger electric field drives higher current densities at the edges. Therefore, the
phenomenon is a result of coupling between electrode geometry and the conduction equations, rather
than a simple cause-effect relationship of “current density — field” or “field — current density”
(Miranda et al., 2006; Thielscher et al., 2011; Lavelaine de Maubeuge, 2011; Opitz et al., 2015; Lee et
al., 2018).

It was previously suggested that the edge effect was particularly strong at the corners of square
electrodes (e.g. Minhas et al., 2011). We thus asked if electrode design could prevent the problem i.e.
reduce the edge effect. The results of our simulation consistently showed that edge effects persisted
regardless of the electrode shape. Importantly, for small electrodes (standardized to 3 cm? in our

example), the differences in edge effect intensity between square and oval shape were negligible,
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reinforcing the conclusion that the overall current density, rather than geometry, primarily governs
edge effects. On the other hand, for larger electrodes, such as sponge-covered rectangular and
ellipsoidal types with a 35 cm? surface area, the second determinant of edge effects - electrode
curvature - became more evident. Sharper angles in rectangular electrodes led to higher field
intensities at corners (as previously shown by Minhas et al.,, 2011), while ellipsoidal electrodes
exhibited a more uniform distribution at the edges, but with more high values. Obviously, any
curvature of the electrode shape intensifies edge effects, leading to the lowest values at straight lines
of square electrodes with “hot-spots” at their corners, and on average higher values on rounded
shapes. Intriguingly, we have not seen the hot-spots on small, square electrodes, probably due to

insufficient resolution of computer simulation.

Ultimately, two key aspects should guide the selection of stimulation electrodes: surface area, which
determines the overall current density for a given stimulation amplitude, and curvature, which
influences its distribution at electrode edges. The ellipsoid (or rounded) electrodes could provide a
more uniform edge effect - reducing the risk of participant’s adverse sensation due to corner
“hot-spots”, and ensuring more uniform (and predictable) electric field lines and current density. In
conclusion, although localized field intensifications at edges persist regardless of the electrode shape,
minimizing edge effects and ensuring participant safety depend primarily on carefully controlling
(reducing) current density. These principles should inform the design and selection of electrodes for

clinical and research applications (Ambrus et al., 2011; Lee et al., 2010; Kessler et al., 2013).

Electrode Placement as a Determinant of Stimulation Targets

In the conducted computer simulations of the induced electric field (IEF), we investigated two
electrode configurations for electrical stimulation of the visual system: (1) a bipolar periorbital setup,
and (2) a bipolar frontal-occipital setup. The simulations revealed distinct patterns of electric field
magnitude (EFM) and current density magnitude (CDM) distributions, underscoring the influence of
electrode placement on the extent, localization and potential therapeutic applications of periorbital

current stimulation (pCS) regardless of the characteristics of the stimulation signal.

In the literature we can find few studies describing the range of the electric field induced within close
proximity to the eyeballs. However, none of them tested bipolar-transorbital electrode placement
analyzed in this thesis. Laakso and Hirata (2013) showed that regardless of the location of the
stimulation electrodes on the head, the shunting phenomenon led current paths through the soft tissue
towards low resistive eyeballs which worked as a gateway to the brain. The phenomenon was
strongest for an electrode pair located at Fpz and Oz, for which the current entered through the
eyeballs at such an angle that both the upper eyeballs and the optic nerves should be stimulated for

this configuration. This was confirmed by our simulations for electric field magnitude results for the

~172 ~



frontal-occipital electrodes’ configuration. According to Laakso and Hirata (2013), a substantial
portion of injected current should travel via eyeballs even with central transverse electrode montage

(T3-T4); the minimal effect was predicted with occipital transverse montage (PO7-POS).

Another computer simulation was described in the paper by Gall et al. (2016), who used repetitive
transorbital alternating current stimulation for the therapy of optic neuropathies. They simulated the
current distribution evoked by a stimulation via a single 10 mm diameter circular electrode placed
over the eyebrow arch and a reference electrode modeled as the “last axial slice of the neck region”
(as in the real application they had the reference on the right arm). The results showed that the IEF
had the greatest effect on the upper part of the eyeball and to a lesser extent on the onset of the optic
nerve. Proportionally smaller effects on the prefrontal cortex and lower cerebellum and the brainstem
were also observed; the latter attributed to the flow towards the return electrode. Despite a different
location of the reference electrode, the simulation results for the eyeball have similarities with what

we observed for our frontal-occipital configuration - high field values at the top of the eyeball.

Here we confirmed the effectiveness of the single current pulse (applied via two electrodes placed
above and below the eye) in inducing a highly localized electric field and current density,
concentrated primarily in the anterior-middle segments of the eyeballs. This focused targeting aligns
with interventions aimed at modulating early visual processing regions, such as the retina and
proximal optic nerve structures. Evidence suggests that such precise electrode positioning can
enhance retinal ganglion cell activity or preserve optic nerve function (Gall et al., 2010; Fedorov et
al., 2011; Sabel et al., 2011, 2020b) in conditions like optic neuropathy and early glaucoma. Not only
it can stimulate neuronal activity but also enhance survival mechanisms like increased IGF-1
production by Miiller cells, as was shown in the study on axotomized retinal ganglion cells in rats

(Morimoto et al. 2005).

In the frontal-occipital electrodes configuration induced electric field still dominated the eyeballs and
optic nerves but also covered the frontal and occipital cortex. Such a setup could support more
extensive interventions by engaging both subcortical and cortical sites, thereby leveraging
network-level plasticity. Indeed such tES approach was shown to offer potential benefits for complex
disorders like cortical visual impairments and post-stroke vision deficits (Sabel et al., 2020b;

Elyamany et al., 2021).

The extent of electric field induced in the head tissues is one measure of stimulation range, the other
question regards the extent of the effective current density. Our simulations indicated that the
distributions of electric field magnitude (EFM) and current density magnitude (CDM) were different
for the same stimulation parameters - in particular in the case frontal-occipital electrode position.

While EFM patterns indicated the broader spatial reach of frontal-occipital stimulation, CDM
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remained relatively concentrated near the eyes and optic nerves similarly to bipolar periorbital
electrodes’ placement. These findings align with the principle that current intensity and field
directionality critically depend on electrode montage and tissue conductivities (Klaus and Schutter,
2021; Hunold et al., 2023). Such distinctions highlight the importance of considering both EFM and
CFM when designing stimulation protocols, as CDM may more directly correlate with the focus of
directed stimulation, whereas EFM reveals the overall “footprint” of the stimulation field in the spatial
domain - i.e., showing focal effects versus the broader spread of stimulation (Miranda et al., 20006,

2013; Datta et al., 2008; Opitz et al., 2015).

The simulation of CDM indicated that the “pure” bipolar periorbital stimulation as well as periorbital
with occipital reference electrode, both concentrate their impact on the initial stage of visual pathway.
Importantly, such localized impact should not preclude the activation of consecutive stages of visual
processing, much like visual stimulation with light is not confined to the eyes alone. This expectation
was confirmed for the bipolar periorbital current stimulation in our experiment (Study 1) during which
participants were able to consciously react to stimulation evoked phosphenes. Phosphenes could of
course be also of a cortical origin (Oster, 1970), however we believe that in case of periorbital
stimulation focused on the beginning of the visual pathway (eyeballs) they had a retinal genesis, i.e.
were induced by the electrical activation of retinal ganglion cell. The modeling approach (our and
(Laakso and Hirata, 2013)) confirmed the concentration of the current flow within the eyeball, but
there is also an experimental confirmation of this conviction in the invasive study in rats, in which
tetrodotoxin (TTX) was infused into eyeballs before transcorneal electrical stimulation (Foik at al.
2015). The blockade of the retinal ganglion cells by TTX resulted in the absence of both — natural
VEPs and electrically evoked potential. In this study, the retina was shown to be a necessary medium
to evoke EEP not only in eye-eye but also in an eye-neck electrode configuration — the analog of the
frontal-occipital configuration for which simulation also indicated the eye region as main focus of
induced electric field and peak of current density. Thus, a frontal-occipital configuration may activate
the visual pathway mainly via the retina, however thanks to the broader extent of electric field, it may
impact other stages of visual processing in a subthreshold way, promoting neuromodulation-related
processes across extended neural circuits (To et al., 2018; Antal et al., 2022) and potentially synergize
with cognitive retraining exercises, pharmacotherapy, or rehabilitation protocols aimed at higher-order

visual processing and perception.

To summarize, the current findings support the notion that electrode positioning should be
strategically chosen based on the desired therapeutic or investigative outcome, and tested with a
simulation approach — a principle echoed in the literature on electrical stimulation optimization for

years (Antal et al., 2022).
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Conductivity and its Impact on Electric Field and Current Density Magnitudes

Another important issue during simulation of neuronal activity as well as stimulation effects is the
correct software and parameters. Our computer simulations were performed with SimNIBS — a
popular and well established open-source software package designed and used for simulating electric
fields induced in the human brain by TMS or TCS (original description by Thielscher et al., 2015 was
cited 402 times in articles and conference papers). However, we have chosen to use conductivity

parameters different from the default values, which we believe to be inappropriate.

The Default Conductivity Values in SimNIBS

The default conductivity values in SimNIBS for white matter (WM), gray matter (GM), cerebrospinal
fluid (CSF), bone, and scalp are based on Wagner et al. (2004), with additional values for eyeballs,
compact bone, and spongy bone from Opitz et al. (2015), and for blood and muscles from Gabriel et
al. (2009). However, discrepancies in these sources raise significant concerns. Wagner et al.'s
conductivity values are purportedly derived from earlier works by Geddes and Baker (1967), Geddes
(1989), and Holton and Walker (1990). Yet, the 1967 publication provides resistance, not conductivity
values, for unrelated tissues, and we could not find “Geddes 1989”. Instead, Geddes (1987) includes
resistivity values for GM (250 Ohm/cm) and WM (750 Ohm/cm) without sources, which, when
converted to conductivity (¢ = 1/p), do not match Wagner et al.’s references. Similarly, Holton and
Walker (1990) use resistivity values attributed to Geddes and Baker (1967) but derived via unclear
methods, also failing to align with values cited by Wagner et al. Consequently, the origins of the

reported conductivity values remain unverifiable, casting doubt on their reliability.

Opitz et al. (2015) cited a conductivity value of 0.5 S/m for the eyeball, referencing Gabriel et al.
(1996). However, Gabriel et al. did not provide a single conductivity value for the entire eyeball but
instead reported various values for its components: cornea (1.05 S/m), lens cortex (0.72 S/m), lens
nucleus (0.33 S/m), and retina (1.42 S/m). The origin of the commonly cited 0.5 S/m value remains
unclear but may represent an average of the lens cortex and lens nucleus conductivities, yielding
0.525 S/m. Additionally, Gabriel et al. (1996) reported conductivity averages for frequencies up to
100 GHz, which is not appropriate for neuromodulation studies. Beyond 100 MHz, water - the
primary source of tissue conductivity - exhibits significant changes in its properties, including a
decrease in permittivity and an increase in conductivity, rendering higher-frequency data irrelevant for

most biological and stimulation contexts.

Lastly, Gabriel et al. (2009) provide conductivity values for muscle and blood that match the default
values in SimNIBS. The reported muscle conductivity of 0.16 S/m corresponds to transverse

conductance, with additional values given for 0° (0.15 S/m) and 90° (0.19 S/m), reflecting

~ 175 ~



angle-specific measurements rather than a general, angle-independent value. For blood, the
conductivity is listed as 0.6 S/m. However, these values are specific to a narrow frequency range of

40-70 Hz, further limiting their applicability to broader contexts.

From a technical perspective, modern electrical stimulators can generate frequencies up to several
hundred kilohertz, with specialized devices reaching into the megahertz range. However, biological
tissue properties impose constraints. Above several hundred kilohertz, the capacitive nature of cell
membranes reduces stimulation effectiveness as they act more like insulators (McAdams and Jossinet,
1995). Thus, conductivity values for simulations and experiments should focus on frequencies below

this threshold.

Neuromodulation therapies typically use frequencies tailored to physiological properties: DBS
operates between 130-200 Hz for Parkinson’s disease (Benabid et al., 2009), while SCS for chronic
pain uses up to 10 kHz to alleviate pain without paresthesia (Baranidharan et al., 2021). Experimental
techniques like kilohertz frequency alternating current (KHFAC) blockade employ 5-50 kHz
frequencies for reversible nerve inhibition (Kilgore and Bhadra, 2004). Frequencies in the megahertz
range are more suitable for tissue heating, such as radiofrequency ablation, rather than neural

stimulation due to safety concerns like tissue damage (Diederich, 2005).

Safety limits are critical, as neurons have a maximum firing rate of ~1 kHz, and higher frequencies
can lead to significant heating and tissue damage (McCreery et al., 1990). Frequencies exceeding 10
kHz are mostly restricted to non-neural applications, as extremely high frequencies bypass cellular ion
channels and fail to induce neural activity (Reilly, 1992). Therefore, frequencies below 10 kHz
dominate neuromodulation, while conductivity values up to 1 MHz remain relevant for simulations

involving the mammalian nervous system, balancing accuracy and physiological relevance.

The default conductivity values for selected tissues in SimNIBS software appear to have been
inappropriately or arbitrarily chosen, without adequate consideration of the complexities of
mammalian nerve tissue conductivity or the relevant frequencies for both invasive and non-invasive
stimulation. This issue is perpetuated in numerous studies using SimNIBS for simulations and in
research addressing tissue conductivity for electric field modeling. While we do not imply any bad
intentions, the origin of these default values remains unclear, despite their widespread citation in

influential publications.

It is puzzling why these incorrect values have been accepted for so long, particularly given that
Saturnino et al. (2019), affiliated with the SImNIBS team, have highlighted how variations in tissue
conductivity significantly affect IEF characteristics. This is especially concerning given the extensive
reliance on IEF simulations in exploring electrical stimulation for cognitive enhancement, psychiatric

treatments, and neurorehabilitation. Accurate conductivity values are critical for individualized
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assessments of optimal IEF doses, as emphasized by studies such as Haberbosch et al. (2019), Evans

et al. (2020), and Joshi et al. (2023).

Given these considerations, we recommend using conductivity values based on reliable data below 1
MHz, such as those provided by the Swiss ITIS Foundation (2024), as a more accurate starting point

for simulations.

Conductivity Impact on Electric Field and Current Density Magnitudes

Simulations performed with SimNIBS default conductivity values (not shown in the thesis) compared
with those based on Swiss ITIS Foundation (2024) confirmed that the assumed conductivity
properties of various tissues exerted a profound influence on EFM and CDM distributions. Lowering
the scalp conductivity increased the superficial EFM beneath the electrodes by 151% (from 0.4457
V/m to 1.1187 V/m), indicating stronger field accumulation at the surface and reduced penetration
into deeper tissues. Conversely, nerve tissues (e.g. retina in the eyeballs, optic nerves) experienced
lower EFM but higher CDM. The optic nerve’s EFM declined by 23.9% (0.0134 V/m to 0.0102 V/m),
while its CDM nearly doubled, increasing by 105.9% (from 0.0017 A/m?* to 0.0035 A/m?), reflecting a
more focused and intense current delivery to these neural structures. These patterns highlight the
delicate interplay between tissue conductivities and the balance between field spread and current

intensity.

The results are important in the light of growing demand for individualized medicine, including
individualized dosing strategies in transcranial electrical stimulation. Evans et al. (2020) showed that
fixed-dose approaches yield variable IEFs due to anatomical differences, whereas individualized dose
strategies (i.e. adjusting input current to anatomy based on computer simulations of IEF) produce
more uniform electric fields across individuals. However, to realize the full potential of these
individualized approaches, a critical intermediate step involves not only the scanning of individual
head anatomy, but also refining the tissue conductivity assumptions. Our findings suggest using
standardized references databases - such as those provided by the Swiss ITIS Foundation (2024),
however the ideal scenario would be to directly estimate subject-specific conductivities (e.g. via
magnetic resonance electrical properties tomography, MR-EPT; Mandija et al., 2021). Another
refinement strategy would be to opt for a more detailed segmentation, for example, by dividing the
eye into its individual components and assigning specific conductivity values to each (Lee et al.,
2021a). The choice depends on the insights we aim to gain regarding the influence of the induced

electric field.
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Effective Activation of Visual Pathway by Single-Pulse Periorbital

Current Stimulation

A phosphene is the phenomenon of perceiving light sensations or flashes of light without actual
stimulation of the retina by visible light. It can be triggered by mechanical pressure on the eyeball,
electrical stimulation of the visual system, changes in neuronal activity, or magnetic stimulation. In
our experiment we monitored behavioral responses to phosphenes to measure the effectiveness of
various current stimulation configurations and find the minimal effective current pulse parameters.
The data indicated clear perceptual thresholds that depended jointly on pulse duration and amplitude.
As expected, the longer was the current pulse and the higher its amplitude, the greater was the chance
that the participant would give a response attesting to having experienced phosphene. However the
relation was not linear. Shortest pulses (10 ms) produced a few detections only at 300 pA, which is
consistent with the notion that transient stimulation requires a higher intensity to surpass the neuronal
activation threshold (Legge, 1978). On the other hand, pulses of 50 and 100 ms with an amplitude of
100 pA were already sufficient to generate responses in ~70% of trials. Such a large change in
effectiveness was not linearly dependent on the total charge delivered to the RGCs. More specifically,
the total charge of a 10 ms 300 pA pulse (1.06 uC) equals to 60% of that of a 50 ms 100 pA pulse
(1.77 nC) and 30% of that of a 100 ms 100 pA pulse (3.54 pC). Evidently, then, it is not only the total
load delivered to the system that matters, but also the time at which its value is delivered. An
estimation based on the custom three-factor Naka-Rushton model indicated that 50 ms 100 pA (about
70% of the maximum behavioral response), should offer a good compromise between increasing the
reliability of activation of the visual system activation (and evoking phosphene perception) and

minimizing the current pulse intensity.

Unfortunately, directly comparing our results to the existing literature is challenging. Previous studies
have examined phosphene thresholds primarily in two distinct contexts: (1) using transcranial
magnetic stimulation (TMS) paradigms to assess cortical excitability in relation to stimulation “dose”
(e.g. Taylor et al., 2010), thereby producing phosphenes of cortical origin, and (2) employing
transcorneal electrical stimulation (TES) to investigate the thresholds of electrically evoked,
retinal-origin phosphenes for clinical ophthalmological applications - specifically, to quantitatively
assess the level of information transfer from the eye to the cortex in both healthy individuals and those
with various ophthalmic conditions (Naycheva et al., 2012). It would therefore be most appropriate to
relate our study to this second research, in which 10 ms biphasic pulses with defined amplitudes and
durations were applied at specified intervals, effectively creating trains with particular stimulation
frequencies. Increasing the frequency of the applied pulses led to a reduction in the amplitude required
to elicit phosphenes, pointing to the importance of the accumulation of the current impact within

stimulation train/session — exactly as we saw for VEP amplitudes in our Study 2. However, there was
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no information in (Naycheva et al., 2012) paper about the duration of a train (nor the number of
pulses), so the total stimulation time and a resulting accumulated total charge could not be estimated.
Thus, while the phosphene detection thresholds reported by Naycheva et al. (2012) (i.e. 109 = 76 pA
for the healthy participants and a slowest, 3 Hz train) seemed to be much lower when compared to our
10 ms pulses, they should rather be compared with the longer ones. For a current pulse amplitude of
approximately 100 pA, the three-factor Naka-Rushton model based on our data suggests that
stimulation durations of ~42 ms (which would equal to four 10 ms pulses) and ~30 ms (3 x 10 ms

pulse) are required to achieve detection rates of 50% and 5%, respectively.

A relationship between longer pulse durations and higher amplitudes with reliable phosphene
induction underscores the interplay between total charge, charge density, and temporal summation of
neural responses. Intriguingly, the similarity of response rates between 50 ms and 100 ms pulses at
higher amplitudes suggests a ceiling effect beyond a certain temporal threshold for single-pulse pCS.
Moreover, the above mentioned study (Naycheva et al., 2012) reported inverted-U shape relationship
between stimulation frequency (and supposed accumulated stimulus duration) with a peak at 20 Hz.
Such a saturation effect likely reflects inherent physiological constraints in membrane depolarization
and neuronal firing patterns (Reato et al., 2010; Wischnewski et al., 2023). Our findings indicate that
an optimal balance of pulse parameters can yield perceptual outcomes indistinguishable from natural
visual stimuli. Although increasing pulse duration beyond 50 ms did not substantially enhance
response rates, maintaining sufficient amplitude remained critical for achieving near-ceiling

perceptual performance.

There is an important reservation, that the detection of transorbital electrical stimulation might have
been based not on actual activation of the visual system (and perception of phosphenes, but instead on
the tactile perception at the electrode’s site which typically accompanies the stimulus (e.g. Ambrus et
al., 2011; Minhas et al., 2011). We strongly believe that it was not the case. First of all, the areas under
the electrodes were anesthetized, ruling out or at least limiting tactile sensations. The response latency
for the effective, longer and stronger pCS pulses were not not statistically different from those to
natural LED stimuli (~300 ms) while reaction times for cutaneous or auditory stimuli are typically
much shorter (approximately 100 ms, Woods et al., 2015). Finally, we recorded electrophysiological
signals to confirm the activation of the visual cortex. A challenge arose, due to current artifacts in the
EEG signal, which made it impossible to analyze the early components, such as the P1 typically
occurring around 100 ms after the onset of a visual stimulus. There was however an undisturbed late
P2 component of 150-300 ms, commonly associated with the integration of visual stimulus
information and with local generators in the occipito-parietal regions (Johannes et al., 1995;
Freunberger et al., 2007). This time window was previously utilized to determine the occurrence of a
phosphene experience in TMS study (Taylor et al., 2010). The authors concluded that zero activity

within this time corresponded to the absence of a phosphene experience. Our results confirm this
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conclusion as no P2 responses were observed for the 10 ms pulses for which there was practically no
phosphene detection. There was also a similarly nonlinear relation between the stimulation parameters
and behavioral and electrophysiological responses. It is worth noting that Hoffken et al. (2013)
identified a significant correlation between individual phosphene thresholds and paired-pulse

suppression in central V1, highlighting a meaningful relationship between these measures.

Nonlinear Relationship Between Stimulation Parameters and Behavior and

Electrophysiology

It is worth highlighting that our study observed nonlinear responses to pPCS depending on its
parameters. This nonlinearity was evident both at the behavioral level, as reflected in valid response
rate and valid response time and at the electrophysiological level, as demonstrated by the averaged
late P2 component in the 150-300 ms time window. These findings align with research on the
intensity-specific effects of tACS, which similarly demonstrate distinctly nonlinear patterns (Zhao et
al., 2023). This nonlinear behavior can be further understood through the Naka-Rushton equation
(Naka and Rushton, 1966), which effectively models the relationship between stimulus intensity and
neural response. The Naka-Rushton framework describes how neural responses increase with stimulus
strength but eventually saturate, resulting in reaching a plateau beyond a certain intensity threshold.
This model has been widely applied to various physiological responses in the visual system, where it
captures the nonlinear dynamics of retinal and cortical responses to increasing light intensity
(Anastasi et al., 1993; Binns et al., 2011). Similarly, in the context of pPCS, the observed saturation
effect in all three levels, i.e. response accuracy, latency and EEP amplitude, suggests that further
increases in stimulation strength may yield minimal improvements in response outcomes (see Figure

3-26, right panel, and Figure 3-31C).

Effects of Pre-Stimulus Single-Pulse Periorbital Current Stimulation

The application of the current pulse before the visual stimulation reduced the peak-to peak amplitudes
of VEPs. The effect was independent of the current parameters (amplitude and duration), and applied
also to control trials without stimulation intermingled in the series of the stimulated trials. VEP
reduction was evident during all four experimental blocks and was gone in the epilogue block when

visual stimuli were no longer preceded by current pulses.

Paired associative stimulation (PAS) is a neuromodulation technique that relies on timing-dependent
plasticity, where the temporal alignment of two stimuli - one peripheral and one cortical - induced
potentiation or depression of synaptic connections and, thus, cortical excitability increase or cortical

habituation (Classen et al., 2004; Wischnewski and Schutter, 2016). In non-invasieve experimental
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setting the direct cortical stimulation is achieved by current or magnetic stimulation. Such approach
was used in the study by Ranieri et al. (2019), who reported that TMS applied prior to the
checkerboard reversal stimulus had an inhibitory effect on VEPs (PIN1 and P1N2 amplitudes),
whereas TMS applied after reversal exerted a facilitatory effect (i.e., it reversed habituation trends).
Similar effects were observed in our study (to some extent). The pPCS in form of single pulses
applied prior to visual stimulus reduced the amplitudes of early VEP components (P1N1 and PIN2),
consistent with the inhibitory effects reported by Ranieri and colleagues (2019) for pre-reversal
cortical TMS. These inhibitory effects may result from alterations in the excitability state of the visual

cortex, demonstrating how pre-stimulus modulation affects subsequent visual processing.

There are however important differences between the studies - our bipolar periorbital pPCS
stimulation was focused on the eye and it was predominantly suprathreshold, while TMS pulses were
applied directly over visual cortex and were below the phosphene induction threshold. Thus, our
experimental paradigm did not follow the typical pattern of PAS, as we actually had two peripheral
stimuli — first induced by the electrical, and second by the visual activation of the retina. It
reproduced, rather, the paradigm of the paired pulse stimulation (PPS), which also leads to a decrease
of a neural response to the second sensory stimulus (e.g. Hoffken et al., 2008). PPS is a well
established protocol to measure signatures of excitation and inhibition in human subjects. It consists

of application of pairs of stimuli in close succession.

Short-Term Generalization of Stimulation Effects

The observed stimulation effects were independent of the stimulation parameters and also “infiltrated”
trials with the presentation of a visual stimulus not preceded by the application of a current pulse (i.e.,
the so-called control condition). This short-term generalization of stimulation effects align well with
earlier work suggesting that PPS protocols can induce widespread neural adaptation effects, in which
the subtle differences between the parameters of individual stimuli blur, the impact averages out, and

the effects build up over time (Dinse et al., 2023).

The uniform suppression of PIN1 and PIN2 components across varying pulse characteristics in our
experiment may be attributed to mechanisms of temporal integration and generalized neural
adaptation. Sequential application of pulses with differing attributes can lead to uniform activation of
intracortical inhibitory processes resulting in a generalized suppression response that is independent of
specific pulse parameters (Dinse et al., 2023). Additionally, repetitive stimulation patterns with
limited recovery time between pulses may induce cortical averaging effects, whereby the brain
integrates inputs over time, diminishing sensitivity to parameter variations (Grill-Spector et al., 2006).
This phenomenon aligns with findings from paired pulse suppression protocols, which demonstrate

that repeated stimulation reduces neural response variability emphasizing global suppression over
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parameter-specific effects (Rangarajan et al., 2020). This may also explain the observed stimulation
effects in the control condition, in which the visual stimulus was not preceded by the application of a
current pulse. Interestingly, such paired pulse suppression effect diminishes with age, as demonstrated
in the somatosensory cortex of rats (David-Jiirgens and Dinse, 2010) and in the motor cortex of
healthy older adults (Smith et al., 2009), suggesting that the most prominent use of the effect in

rehabilitation may be in younger people.

The observed suppression effects align with the concept of paired pulse suppression, wherein shorter
temporal intervals between stimuli in PPS protocols lead to stronger suppression of the neural
response to the second stimulus. In the visual system, this effect is particularly pronounced for
interstimulus intervals (ISIs) below 100 ms (Hoffken et al., 2008). This phenomenon is thought to
primarily reflect intracortical inhibition mechanisms mediated by GABAergic processes (Wehr and
Zador, 2005). To be more specific, intracortical inhibition involves the activation of GABAergic
interneurons, which suppress the excitatory activity of pyramidal neurons in the visual cortex. This
suppression mechanism ensures that neural circuits are not overstimulated, maintaining a balance
between excitation and inhibition (Tremblay et al., 2016). In paired pulse suppression, the first
stimulus triggers an inhibitory feedback loop that diminishes the neural response to the second
stimulus, particularly at shorter ISIs (Hoffken et al., 2008). Studies suggest that such inhibitory
dynamics are essential for temporal coding and sensory processing efficiency, allowing the visual
system to prioritize novel or temporally distinct stimuli while filtering out redundant or closely timed

inputs (Wehr and Zador, 2005).

Delayed Habituation Through Repetitive and Paired Pulse Stimulation

Last but not least, the observed amplitude reduction progressively increased across blocks, as
evidenced by a steady decline in PIN1 and P1N2 relative amplitudes, suggesting an ongoing delayed
habituation process. In the placebo group, repetitive visual stimulation led to noticeable habituation,
evidenced by a progressive decline in PIN1 and P1N2 amplitudes across blocks. In the experimental
group, repetitive visual stimulation within a paired pulse paradigm with preceding single pulse pCS
resulted in both paired pulse suppression and habituation, as indicated by progressive intensification
of the observed paired pulse suppression effects over the course of the experiment. The observed trend
is consistent with repetitive stimulation in both PPS (Dinse et al., 2023) and PAS (e.g. Ranieri et al.,
2019) protocols.

The paired pulse suppression mechanism, as explained in the previous paragraph, occurs with the
consecutive application of two stimuli separated by tens of milliseconds and affects the response to
the second stimulus. In contrast, the delayed habituation mechanism arises from the repetitive

application of these stimuli, resulting in a progressive reduction in VEP amplitude with successive
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presentations of visual stimuli over the course of minutes. Notably, shorter intervals between stimuli
lead to stronger habituation (Omland et al., 2011). According to Makul’kin and Pedanov (1972),
repeated visual stimuli trigger corticofugal impulses that inhibit the activating reticular formation
while enhancing the thalamic synchronizing system. This leads to changes in brain function,
characterized by a slowing of cortical rhythms and a reduction in evoked potential amplitudes.
Additionally, the habituation of VEPs is thought to depend on various "tonic" non-specific and
motivational circuits, including brainstem monoaminergic nuclei, ascending thalamocortical loops,

and the activity of intracortical inhibitory circuits (Coppola et al., 2013a, 2013b).

In our study, the time interval for checkerboard pattern reversal was 2.25 + 0.25 seconds. So the
frequency was about 0.44 Hz with a range of 0.4 Hz to 0.5 Hz. Omland and colleagues (2011) in a
simple paradigm of repetitive visual stimulation noted that the presentation of checkerboard pattern
reversals at 3 Hz results in about 30% more intense habituation from block to block than at 1.5 Hz.
This suggests that decreasing the temporal distance between presentations in our study could intensify
the observed habituation. Moreover, Ranieri and colleagues (2019) showed that delayed habituation
also occurs in the PAS paradigm, in which repeated checkerboard pattern reversal presentations are
each preceded by the application of a magnetic pulse over the visual cortex. Interestingly, if the
magnetic pulse is applied 25 ms after the presentation of a visual stimulus, the habituation process is
nullified. Considering that our experiment aligns most closely with the PPS protocol, it is unlikely that
applying a current pulse following the checkerboard pattern reversal would produce a similar effect.
However, altering the configuration of the stimulation electrodes - such as switching to a
frontal-occipital setup or placing the electrodes exclusively over the occipital cortex - might achieve

the desired outcome.

Potential in Neurorehabilitation

It is essential to address the potential of single-pulse pCS in clinical use and neurorchabilitation. The
potential applications of this approach in the visual system are extensive. It can be utilized to study
key parameters such as phosphene detection thresholds and reaction times, allowing for the
identification of differences between healthy individuals and those with visual deficits (Taylor et al.,
2010, Naycheva et al., 2012). It holds promise for inducing molecular and cellular changes within the
eyeballs, such as stimulating the production of trophic factors to support neurorehabilitation in
conditions like glaucoma (Morimoto et al., 2005). With adequate pattern of periorbital electrodes, the
stimulation effects can be focused in anterior (as in bipolar periorbital montage), upper
(frontal-occipital montage) or posterior portion of eyebulb (multielectrode periorbital montage;
Sadrzadeh-Afsharazar and Douplik, 2023). This method was already shown to aid in the restoration of

visual functions in cases of neuropathy or post-stroke recovery by enhancing neural plasticity along
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the visual pathway (Silverstein et al., 2019; Sabel et al., 2020b; Joy and Carmichael, 2021; Zhang et
al., 2023b).

Recent studies have highlighted the potential of targeted electrical and magnetic stimulation to induce
cell-specific plasticity and structural changes at the neuronal level, further underscoring the potential
utility of pPCS in neurorehabilitation. Lee et al. (2024) demonstrated that electric field stimulation
could entrain neural activity in a cell class-specific manner (Lee et al., 2024), allowing precise
modulation of different neural populations. The specificity of cell classes to electric field entrainment
is achieved through a combination of subthreshold membrane polarization, which is uniform across
cell types, and cell-class-specific excitability properties. Excitatory pyramidal neurons entrain to both
slow and fast electric fields, while inhibitory neurons, such as parvalbumin and somatostatin types,
primarily respond to high-frequency stimulation. This differentiation is largely dictated by intrinsic
firing rates and ion channel properties, which align the temporal dynamics of each cell class with the
applied electric field. This finding is particularly relevant to pCS, as it suggests the possibility of
tailoring stimulation to activate specific types of neurons within the visual cortex, potentially
enhancing rehabilitation outcomes. Similarly, Beros et al. (2024) reported that static magnetic
stimulation could induce structural plasticity at the axon initial segment of inhibitory cortical neurons.
Such plasticity has significant implications for balancing excitatory and inhibitory dynamics in the
visual system, which is critical for restoring function after neural damage. Finally, Iwasa et al. (2024)
explored the role of electrical stimulation in enhancing neural repair through stem cell-based
interventions. Their findings showed that electrical fields not only modulate the behavior of existing
neurons but also influence the integration and function of transplanted stem cells, opening new
avenues for neural repair in the visual system. This aligns with the potential of pPCS to act as a

complementary approach in regenerative medicine for conditions involving the visual pathway.

Together, these studies illustrate how small-scale and cell-specific approaches, enabled by precise
stimulation techniques like single-pulse periorbital pulsed current stimulation, could improve
neurorchabilitation. By leveraging targeted plasticity and structural modulation, pPCS has the

potential to support both functional recovery and foundational research in visual system dynamics.
Limitations and Challenges

Computer Simulations of the Induced Electric Field

Computer simulations of the IEF for pCS face several limitations. A key challenge lies in determining
accurate tissue conductivity values. Standardized conductivity databases, such as those from the Swiss
ITIS Foundation (2024), provide a foundation, but individualized estimations (e.g. via MR-EPT)

could further improve precision (Mandija et al., 2021). Anatomical variability remains another
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obstacle; simulations must account for differences in individual head and eye anatomy to ensure
consistent IEF patterns. Simplified segmentation approaches, which divide the head into major
components, may overlook the nuanced effects of detailed structures, such as individual ocular tissues
(Lee et al., 2021a). Further, the interplay between stimulation parameters, such as electrode
configuration and pulse duration, and their effects on phosphenes, retinal function, and cortical
excitability, needs systematic exploration. Existing evidence, such as from Evans et al. (2020),
highlights the value of individualized dosing, but refining computational models is essential to predict
behavioral and physiological outcomes reliably. EEG signal simulations also lack clarity on what
aspects of the neural signal are removed versus retained after artifact removal, complicating validation
efforts. Addressing these limitations through enhanced modeling pipelines, including patient-specific
conductivity and structural data, can make pPCS a more personalized and effective tool for research

and clinical neurorehabilitation.

Data Analysis in Studies with pPCS

Analyzing data from studies involving pPCS is inherently challenging due to the complexity of
removing current-induced artifacts. These artifacts obscure neural signals, making it difficult to
interpret the results and evaluate pPCS effects reliably. This is particularly crucial when analyzing
neural activity occurring during the application of pPCS. Several approaches to artifact removal have
been proposed, each with limitations. Linear filtering methods, such as those described in this study
(see Figure 3-29) and a 2020 publication by Zebrowska and colleagues, provide practical solutions but
may fail to account for the intricate overlap of artifacts and true neural signals. More advanced
nonlinear methods, such as Signal-Space Projection (SSP) used in ACS studies, as described by
Vosskuhl et al. (2020), may offer better artifact suppression but require significant adaptation for
pPCS applications. Additionally, artifact removal methods inspired by MRI techniques, which model
the spatial and temporal characteristics of artifacts, hold promise but demand precise knowledge of

artifact sources (Allen et al., 2000), which is difficult to achieve in pPCS.

Fitting Models

The Naka-Rushton model, while effective for describing response saturation, has limitations when
applied to current stimulation. It relies on total charge calculations optimized for biphasic sinusoidal
impulses, requiring adjustments for other pulse types, such as rectangular or monophasic pulses.
Additionally, fitting models often suffer from insufficient data points; sparse matrices of experimental
data points are inadequate for capturing complex parameter-response relationships - a data is here a

key. The model’s generalizability across different stimulation modalities is also limited without further
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refinement. Expanding data coverage and tailoring the model to specific stimulation types are

essential to improve accuracy and applicability.

Limitations of the Studies Reported in the Thesis and Future Directions
Limitations

Few aspects of the studies reported in the thesis had their additional limitations. In both studies
conducted, the number of participants was relatively small for the large spread of measured values.
Increasing the sample size could improve the statistical power of the analysis, reduce the impact of
outliers, and provide more reliable inference outcomes based on the observed effects, enhancing
generalizability of the findings. Furthermore, the paradigm used in the Study 2, which mixed different
parameters of current pulses, led to a generalization of stimulation effects, making it impossible to
isolate the influence of specific stimulation parameters. To address this, future studies should be
conducted using distinct blocks or groups dedicated to different current stimulation strengths and
durations. Blocks or groups with short, weak pulses could focus on examining the effects of
subthreshold stimulation in modulating VEPs, while those with strong, suprathreshold pulses could

explore the level of inhibition within the paired-pulse suppression paradigm.
Future Directions

Future research could focus on several key areas to expand our understanding of pPCS in the form of
single pulses and its applications. First, more advanced simulations of the IEF should be conducted,
integrating detailed structural data and individualized conductivity values. These simulations should
be correlated with neuronal activity observed during pPCS application under specific parameters to
improve the precision and predictive power of the models. Second, experimental studies could
investigate the effects of applying pPCS during and after a visual stimulus to determine whether it
enhances cortical excitability and increases the amplitude of visual responses, as well as whether it
will inhibit the process of delayed habituation. Third, the effects of using short segments of alternating
current or random noise stimulation in a PPS paradigm, applied both before and after a visual
stimulus, should be explored to understand whether longer stimulation protocols differ from single
pulse approaches. Finally, the effects of PPS should be translated into clinical applications. For
example, single current pulses, short segments of alternating current, or random noise stimulation
could be applied at specific temporal intervals relative to diagnostic visual stimuli in computer-based
perimetry (e.g., Dzwiniel et al., 2017) to attempt to modify the detection threshold of the diagnostic
stimulus. Such an approach could evaluate the potential of pPCS in the neurorehabilitation of basic
visual functions, particularly for addressing visual field deficits associated with visual pathway

dysfunctions.
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Summary and Conclusions

This dissertation explored the feasibility and potential of single-pulse periorbital pulsed current

stimulation (pPCS) as a promising neuromodulation method for visual system rehabilitation.

The computational simulations confirmed that periorbital current stimulation (pCS) configurations can
effectively stimulate ocular regions while minimizing the total current compared to traditional
transcranial electrical stimulation settings. Moreover, simulations demonstrated that current density
could be concentrated within the eyeballs, enabling precise modulation. However, the findings also
revealed limitations of commonly used simulation tools, such as SimNIBS, which rely on default
conductivity values that are arbitrary and incorrect. Instead, reliable sources like the Swiss ITIS
Foundation (2024) database or subject-specific conductivity estimations (e.g. MR-EPT) are
recommended for accurate simulations. The proposed use of disposable, self-adhesive EMG
electrodes can further improve the practicality of pCS by reducing preparation time and ensuring

better hygiene.

Behavioral and electrophysiological experiments in Study 1 demonstrated that single-pulse pPCS
effectively induced phosphene perception, with a generation threshold observed at a 10 ms 300 pA
pulse. The three-factor custom Naka-Rushton model provided valuable insights into the dynamics of
single-pulse pPCS responses, including the saturation effect for pulse duration at higher stimulation
levels. Behavioral metrics, such as valid response rate and valid response time, were closely
correlated with electrophysiological markers, including the P2 late potential. Notably, for 50 and 100
ms pCS pulses, responses plateaued in both behavioral and electrophysiological dimensions,

approaching logarithmically but not fully matching the levels elicited by LED flashes.

In Study 2, pre-conditioning electrical pulses applied prior to visual stimuli significantly modulated
cortical excitability like in paired pulse stimulation (PPS) and paired associative stimulation (PAS)
studies. These pulses reduced early VEP amplitudes (PIN1 and P1N2) induced by checkerboard
pattern reversals, demonstrating inhibitory effects. Additionally, the stimulation effects infiltrated
trials not directly preceded by single-pulse pPCS, indicating a lasting influence on neural activity
beyond immediate stimulation windows. This lingering impact underscores the temporal modulation

capabilities of single-pulse pPCS and its potential in shaping cortical responses over extended periods.

The combined findings of this research emphasize the critical role of tailored stimulation parameters
in achieving effective neuromodulation. By refining the interplay between stimulation duration,
amplitude, and individual variability, single-pulse pPCS offers a novel pathway for visual system
rehabilitation. This work not only advances fundamental understanding but also presents a scalable

and targeted neuromodulation approach with promising clinical applications.
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